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1 Introduction

Human curiosity has always driven the desire to understand the world we live in. It was
therefore inevitable that questions would sooner or later arise asking about what is beyond
our direct comprehension, be it the origin of our universe, the movement of celestial bodies,
or the smallest building blocks of everything that exists. Answering these questions that
we would now attribute to the field of physics were as fundamental as unraveling the very
nature of humanity. It is therefore of no surprise that the same group of intellectuals -
early philosophers - addressed these problems. Leucipus and his student Democritus, who
lived at the same time as the famous philosopher Socrates in the 5th century BC, reduced
existence down to two things: the void and matter. They suggested that matter consists of
tiny objects that cannot be divided further, hence the name atom - indivisible. Now, over
two thousand years later, we have proof, that the objects we still call atoms are in fact not
indivisible. The existence of even smaller, sub-atomic particles was proven experimentally at
the beginning of the 20th century by tracking their traces in a cloud chamber. The invention
of the scanning tunneling microscope (STM) by G. Binnig and H. Rohrer in 1981, which
awarded them the Nobel price in physics, allowed to not only visualize atomic structures on
conducting surfaces but also give insight in their electron density. Finally, we do not need
to speculate anymore. Molecular orbitals and covalent bonds can now be grasped by eye,
albeit with the help of electronics.

The downsizing of electronic devices is driven by the insatiable desire to increase computa-
tional power per volume. Moore’s law famously states that the amount of transistors within
integrated circuits doubles in regular time intervals. It was therefore only a question of time
until integrated circuits reach the nanoscale. Addressing single molecules is of paramount
importance for developing devices on the nanoscale and increasing their efficiency. The ul-
timate goal is an electronically controlled device consisting of a single molecule. Prominent
examples include the conversion of electricity into light by a single photon light source [1] or
the construction of graphene based transistors [2, 3]. This thesis discusses STM for imaging
light sensitive organic molecules as well as graphene based molecules.

My journey as a PhD. student began in the group of Prof. Axel Enders at the Univer-
sity of Bayreuth where I investigated graphene nano ribbons (GNRs). A single graphene
sheet consists of a hexagonal lattice of carbon atoms. Such a sheet can be separated from a
graphite crystal with adhesive tape by pulling an individual graphene layer off of the crystal
as was shown in the ground braking work of K. S. Novoselov et al. in 2004, already demon-
strating the electric field effect in graphene layers [4]. GNRs can be thought of as a strip
that is cut out of the graphene sheet. Early reports for manufacturing GNRs indeed used
lithography methods, such as unzipping carbon nano tubes [5] or masking graphene with
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nanowires followed by edging away material [6]. Later, the so called bottom-up-approach
was developed by J. Cai et al. in 2010 [7]. This method allows to manufacture GNRs out of
molecular building blocks, referred to as precursors. Precursors are monomers, which means
repetition units out of which polymers can be formed. The precursors are usually organic
molecules with halogen atoms attached at specific positions. When the halogen-carbon bond
breaks, the resulting unpaired electron is free to connect with the unpaired electron of an-
other precursor, thus inducing polymerization. The precursors can be deposited on a metal
substrate and polymerization subsequently induced by heating. Polymers are characterized
by individual sites, e.g. phenyl groups attached to a polymeric backbone. The phenyl groups
are terminated with hydrogen atoms. The carbon-hydrogen bonds break upon additional
heating, again creating unpaired electrons. The unpaired electrons of different phenyl groups
may form a bond. Now, the molecule is no longer characterized by a polymeric backbone
with individual phenyl sites, but by a system of interconnected carbon atoms with an ex-
tended system of delocalized electrons - a GNR. The formation of a GNR by heating of
a polymer is called cyclodehydrogenation. This bottom-up-approach opens the possibility
for on-surface synthesis, which means depositing precursors on a single crystal substrate
followed by inducing polymerization and cyclodehydrogenation. This preparation method
is ideal for preparing samples suitable for STM.

GNRs usually have the shape of a ribbon, which means a long and a narrow side. The
confinement of electrons along the narrow side leads to a quantization of the possible en-
ergies the electron can have, analogous to the theoretical model of a particle in a potential
well. The distance between the possible energy values, specifically between the valence- and
conduction band defines the bandgap of the GNR. It can be modified by changing the GNR
width [8-11], its edge structure [12-14], doping [15, 16] or creating nanopores within the
carbon lattice [17-20]. The possibility to modify the properties of GNRs makes them highly
attractive for applications in quantum electronics [21-23], as well as spintronic [12, 24, 25]
and optoelectronic [26-28] devices.

The first precursors used for the bottom-up-approach are called C90 due to their 90° degree
bonding angle [7]. The C refers to the chevron style GNRs obtained from these precursors.
T90-molecules are a truncated version of C90 that open the possibility to grow GNRs with
periodic notches, therefore influencing the edge state [29, 30]. C30-precursors, another vari-
ant of C90, featuring a 30° degree bonding angle has found application in manufacturing
OLED devices [31, 32]. The 30° degree bonding angle also allows to manufacture GNRs
with nanopores that were shown to induce a state localized at the pores influencing the
bandgap [18, 33]. T30-precursors are a truncated version of C30 that allow to manufacture
porous GNRs with armchair edge [18, 20, 33].

The research done on GNRs is presented in chapter 4. It provides an in depth intro-
duction to the concept of graphene and GNRs, outlining the underlying solid state physics,
on-surface synthesis via the bottom-up-approach (section 4.1) and methods for modifying
the bandgap (section 4.2). Furthermore, the experimental set-up for sample characteriza-
tion (section 4.3.1) and preparation via direct contact transfer (DCT) and electro-spray



deposition (ESD) (section 4.3.2) is briefly described. The experimental results focus on the
polymeric phase of T90-molecules [33] (section 4.4.1), the growth and electronic properties
of T30-GNRs, the possibility of creating heterostructures from T30- and C30-precursors,
and the self-assembly of C30-4Br-precursors and GNRs.

The research conducted as part of the group of Prof. Wulf Wulfhekel at KIT focuses on
light emission from Eu** complexes. Eu* complexes are molecules consisting of an Eu3*t
ion incorporated in an organic structure. The structure can consist of ligands attached to
the Eu®t core or the Eu?t ion can be incorporated in a chelating scaffold. In both cases,
the surrounding structure has to oxidize Eu to its trivalent form while also facilitating the
interaction of light with the Eu®* core. The latter aspect is necessary due to the electronic
structure of Eu®" ([Xe] 4f%). The orbitals of the 4f shell, while being the highest in energy,
do not extent farthest from the center of the Eu?* ion. Instead it is shielded by the 5s and 5p
orbitals. This shielding reduces the interaction of the Eu®* ion with its surrounding, which
decreases the probability to excite it with light. The probability for excitation is further
reduced by the fact that the main transitions happen within the 4f shell which makes them
forbidden according to Laporte selection rules [34]. However, exactly these properties which
reduce the excitation probability also lead to unique photophysical properties which make
Eu?t complexes worth investigating. All emission spectra of different Eu®* complexes have
a characteristic signature. The differences among the emission of different complexes are
comparatively minor due to the Eut center being shielded and therefore less sensitive to
their chemical and optical environment than other chromophores. The minor differences in
the emission spectra from different complexes give insight in the local order and electronic
properties of the Eu*™ environment [34-39)].

The emission spectrum arises from individual transitions that emit photons when radia-
tively decaying from an excited state to a state with lower energy. Populating an excited
state can be done by light, the emission is then called photoluminescence (PL). The ex-
citation involves the coupling of the dipole moment of the complex to the dipole moment
of the excitation light. Usually, the coupling to the dipole moment of the electric mode of
the electromagnetic field of light is stronger than the coupling to the magnetic mode. For
this reason, the transitions are called induced electric dipole (ED) transitions. However,
emission from Eu" has the unique property of having one magnetic dipole (MD) transition
that is considered insensitive to the environment of the Eu®* ion to such an extent that its
emission can be used as a reference for normalizing the emission spectrum. The relative
intensities of individual emission bands can thus be compared across samples.

PL spectra are an important tool to determine the chemical environment and symmetry
of the first coordination sphere of the Eu®* ion and can already provide insights in the over-
all emission intensity. However, to understand the dynamics of excitation, charge transfer
and emission, the decay of the PL intensity after excitation needs to be tracked. This is done
by the method of time correlated single photon counting (TCSPC). Tracking the PL decay
allows to determine the total transition rate and observed lifetime of the excited state. The
total transition rate is determined by radiative and non-radiative processes. Non-radiative
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de-excitation processes reduce the luminescence intensity. This is referred to as quenching.
In the context of complexes adsorbed on metal surfaces, which means samples suitable for
STM measurements, quenching mechanisms include charge transfer [40] by electron trans-
port from complex to metal and vibrational relaxation [41-44]. The de-excitation of an
excited state can also lead to the excitation of electron-hole pairs [45] and image charge
oscillations [46] in the metal, surface plasmons [47, 48], or, in the context of STM, gap plas-
mons [49] which may dissipate and therefore not contribute to the luminescence intensity.
However, the transition rate is also influenced by many factors for complexes that are not
near a metal surface. The refractive index of the surrounding medium and the photonic
density of states has for example to be taken into account [34, 50-53]. Furthermore, vibra-
tional relaxation can lead to de-excitation [41-44].

To investigate luminescence of complexes adsorbed on substrates in ultrahigh vacuum (UHV)
conditions, a modified version of an STM is used. A normal STM uses a sharp metallic tip
to probe the surface of the substrate. In the STM used here, the tip is incorporated in
the center of a parabolic mirror. Tip and mirror are microfabricated as a solid piece by
the direct laser writing (DLW) approach developed by the group of Prof. Wegener at KIT
[54-57]. Using this special tip allows to collect light emitted in the tunnel junction without
the need to use lenses that cover a smaller solid angle and require adjustment. The STM is
referred to as y-STM [58, 59]. It was used in previous work to collect light from molecules
excited by tunneling electrons [60-62]. Furthermore, a second PL set-up was built and
added to the UHV system that allows to collect luminescence from complexes on substrates
in UHV without needing to use the STM. It was mostly used for investigating thin films of
complexes on dielectric substrates at room temperature.

Chapter 2 provides the theoretical context, describing the working principles of an STM
and the concept of quantum tunneling as the underlying principle for scanning tunneling
microscopy and scanning tunneling spectroscopy (section 2.1). Furthermore, the concept
of electro-luminescence is introduced (section 2.2). The theory of transition rates as deter-
mined by Fermi’s golden rule is discussed together with the factors influencing transition
rates, such as plasma oscillations, and dipole emission in front of metallic surfaces, high-
lighting the difference in transitions induced by coupling to the electric and magnetic modes
of light (section 2.3). A description of the contributions to the transition rate and the ob-
served lifetime is provided (section 2.5). The emission spectrum of Eu®* and the transitions
involved are detailed (section 2.6) and Judd-Ofelt (JO) theory introduced as a powerful tool
for analyzing emission spectra (section 2.7). Finally the ligand antenna effect explains the
idea behind the structure of Eu** complexes (section 2.8).

The experimental details and results focusing on Eu* complexes are presented in chap-
ter 3. The experimental set-ups consisting of the UHV system, the y-STM and the optical
set-up for PL and TCSPC are described in detail (section 3.1). The section on sample
preparation (section 3.2) details the steps of substrate cleaning as well as the deposition
methods of thermal sublimation and vacuum spray deposition. Furthermore, the full names
and structure drawings of all complexes are listed.



The experimental results start with STM topography data of the betadiketonate based
complexes [Eu(tta)s;(bpy)], [Eu(btfa)s(bpy)] and [Eu(tta);(H20)s] (section 3.3), highlight-
ing the importance of controlled material deposition via sublimation and purification of
the material by degassing. Furthermore, STM topography data of the trensal based com-
plexes [Eu(trensal)], [Eu(trensal-O-Bn)], [Eu(trensal-Ph-SMe)| and the platform complex
[Tb(TACN)] prepared via sublimation and vacuum spray deposition is shown (section 3.4).
This is followed by a brief outline of the experiments performed on obtaining electro-
luminescence from Eu*t complexes (section 3.5).

The most important results focus on the photophysical properties of Eu®* complexes. First,
a method to perform TCSPC experiments at different wavelenghts with a single 30 ps ex-
citation pulse inside the STM is established (section 3.6.2). It is shown that the PL decay
of thin films on metal substrates does not depend on the distance between sample and
mirror tip. Furthermore, measurement artifacts within the first 200 ns after excitation are
demonstrated. Afterwards, PL spectra and lifetimes of [Eu(tta)s(bpy)], [Eu(btfa)s(bpy)]
and [Eu(tta);(H20)s] in drop-casted and sublimed films on glass substrates are presented,
supplemented by TCSPC measurements of powder samples and molecules in solution. The
results are quantified by estimating the radiative and non-radiative lifetimes derived from
JO analysis (section 3.6.1). Vibrational relaxation due to OH-vibrations are pointed out as
a major quenching process. Furthermore, the impact of the medium surrounding the Eu3*
ion is demonstrated and inhomogeneous film growth leading to line broadening in the emis-
sion spectra is discussed. Investigating the stability of complexes under UV illumination
(section 3.6.3) indicates that the photo-bleaching probability is not sufficient for extended
single molecule experiments. Advancing from material in bulk and solution, PL spectra
and lifetimes of [Eu(tta)s(bpy)], [Eu(btfa)s(bpy)] and [Eu(trensal)] in thin films (~20 nm)
on dielectric and metallic substrates are discussed (section 3.6.4). The structural differ-
ence between [Eu(trensal)] and the betadiketonate based complexes [Eu(btfa)s(bpy)] and
[Eu(tta)s(bpy)] was found to make the former more susceptible to structural changes upon
sublimation as can be seen in the emission and decay data. Furthermore, investigating the
PL decay at different wavelengths with the established single pulse TCSPC method reveals
the charge transfer mechanisms within betadiketonate and trensal complexes (section 3.6.5).
It was found that the energy is first transferred from the ligands of the Eu* complex to
higher excited states of Eu®*" and not directly to its first electronic state from which the
main emission takes place. Finally, the photophysical properties of [Eu(tta)s(bpy)] films
with different thicknesses down to 2.8 nm are probed therefore enabling to determine the
energy transfer rate to the metal substrate (section 3.6.6).






2 Theoretical background

This chapter provides an introduction to the working principle of an STM, briefly describing
its historical context and pointing out its relevance for modern physics. The idea of quan-
tum tunneling is treated mathematically in the general case, as well as in the context of
STM. Different ways of charge transfer and luminescence induced by tunneling electrons are
described. Since this work does not only focus on STM but also on luminescence, the quan-
tum mechanical principles of radiative transitions are provided putting a special focus on
light being emitted inside the STM cavity. The manifold transitions of Eu®*" are described
in detail, pointing out the characteristics of the resulting emission spectra. Furthermore,
extracting information from the spectra by utilizing Judd-Ofelt theory is demonstrated.

2.1 Scanning tunneling microscopy

Microscopy based on optical imaging is limited by Abbe’s law [63]. This law states that
the features of an object need to be at least of the size of d = ﬁ to be resolved with
optical imaging methods. A describes the wavelength of the light used for imaging, while
NA refers to the numerical aperture. Imaging methods that do not rely on conventional
optics have been developed that are able to circumvent this limit. In 1986 G. Binnig and H.
Rohrer were awarded the Nobel price in physics for developing the first scanning tunneling
microscope [64]. While the set-up became more and more refined over the years, the basic
components and the working principle remained the same. A sharp electrically conducting
tip is positioned in proximity to the sample to be investigated. A bias voltage is applied
between the tip and the sample and the distance between them decreased to about 100 pm
until a tunneling current sets in.

An electric current in general refers to the amount of charge being transported per time. The
tunneling current describes the amount of electrons being transported per time by quantum
tunneling. It depends exponentially on the width of the tunneling gap but also on the
density of states in the tip and the sample. An STM utilizes this exponential dependence to
probe molecular structures in the picometer regime. The most common imaging method in
STM is the constant current mode (Fig.2.1). The tip scans across an area on the surface of
the sample typically ranging between 5 and several 100 nm. The tunneling current is kept
constant by a feedback loop that controls the piezo elements moving the tip. This way, the
size of the gap between tip and sample is adjusted by moving the tip in z-direction. However,
the tunneling condition depends not only on the position of the atomic cores modifying the
width of the gap, but also on their electron density. In constant current mode, the z-position
of the tip therefore corresponds to surfaces of constant electron density. The STM image
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Set point
current

L»— ~._ Feedback loop

Figure 2.1: Illustration of the working principle of an STM. A bias voltage V is applied
between the tip and the sample to create a net tunneling current Ir. The
tip-sample distance is adjusted by the feedback loop so the tunneling current
matches the set point current.

is created by displaying the values of the z-position of the tip for each data point of the
scan area. The resulting data is called apparent height. In this work, all STM topography
images are edited by leveling the background, filtering noise and choosing a suitable color
scale.

2.1.1 Quantum tunneling in the context of STM

When two materials with different Fermi energies are brought into close contact, quantum
tunneling occurs, when the wavefunctions of the electrons in both materials overlap. Elec-
trons will then tunnel from the material with higher Fermi energy to the material with lower
Fermi energy until the density of states of both materials are equally filled and equilibrium
is reached. A continuous net tunneling current can be achieved when the Fermi energies
of both materials are shifted by applying a bias voltage Vp. As displayed in Fig.2.2 a),
the wave function propagates through the material with higher Fermi energy Er, decays
exponentially in the potential barrier and continues propagation in the second material,
with Er being shifted by eVp. ® describes the work function of the tip and E,, the energy
of the tunneling electrons. This situation can be described mathematically by considering
the wavefunction (z) of the electron that satisfies the one dimensional time independent
Schrodinger equation:

2 7
Bu(z) = - T ) (2.)
U(z) is the potential barrier, m the mass of the electron, and A the reduced Planck constant.
The solution of this differential equation is given by ¥(2) = ¥(0)er™** when E >| U(z) |,
which is the case outside of the potential barrier, k is then given by:
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Figure 2.2: Schematic illustration of: a) An electron wave function tunneling through a
potential barrier. Ep of the tip and Fr of the sample are shifted by eVgz. @
is the work function of the tip and F,, is the energy of the tunneling electrons.
After [65]. b) An electron tunneling from the STM tip to the sample. The Fermi
energies Ir of tip and sample are shifted by the bias voltage Vg. prip and psample
describe the density of states of the tip and the sample. After [33].

2m(E — U(2))
: .

1 (2) then has the form of a plane wave. Inside the barrier, where £ < U(z), the solution is
¥(z) = 1(0)e "* with k given by:

k= (2.2)

K= : (2.3)

This solution describes a declining exponential function with decay constant k.

In reality, the density of states varies for different materials with energy as schematically
shown in Fig.2.2 b). For the tunneling process in an STM, the density of states of the tip
is usually assumed to be flat such that the density of states of the sample can be probed.
The tunneling current can be described by Bardeen’s formula [65].

eV

IT = 4% . pTip(EF — €VB + G)pSample<EF -+ 6) | M ’2 de (24)
prip and psample describe the density of states of the tip and the sample, Er the Fermi
energy, and M describes the tunneling matrix element. This model was simplified by J.
Tersoff and D. R. Hamann [65] who suggested that the wave function of the tip can be
assumed to be spherical because only the contributions of the s orbital of the outermost
atom of the tip need to be considered. Furthermore, the variation of the density of states
of the tip is considered to be negligible in the energy range of interest. This leads to Tersoff
and Hamann’s simplified description of the tunneling current [65]:
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eVp
-[T (0.8 / pSample(EF + €, I'())dC. (25)
0

With these simplifications, the tunneling current is directly proportional to the density of
states of the sample.

2.1.2 Scanning tunneling spectroscopy

Scanning tunneling spectroscopy (STS) allows measuring the electronic density of states
of the investigated material. In STM, the bias voltage is fixed and the distance between
tip and sample adjusted to keep the tunneling current constant while scanning across an
area. The obtained data then contains information about the topography of the sample
and its density of states in this area. In STS, the tip is positioned stationary, and the bias
voltage swept while the current is recorded. The derivative of this I(V') data with respect
to the applied bias voltage is the differential conductance dI/dV which is proportional to
the probed density of states (see Eq.2.5). STS usually refers to point spectra but also an
image of the differential conductance can be taken when the DC bias voltage is overlaid
with an AC modulation to probe the states at the DC£EAC interval. The tunneling current
then responds with an oscillation of the same frequency as the bias modulation. Using the
lock-in technique, the states within the modulation range can be probed. The obtained
image of the differential conductance is referred to as a dI/dV-map.

2.2 Electro-luminescence

Electro-luminescence (EL) describes the process of converting electricity into light. While
it is not the primary focus of this work, it will be discussed briefly. EL offers a wide
range of applications and is therefore desirable to achieve with any light sensitive molecule.
It seems obvious to perform EL experiments, when considering light emitting molecules
inside a tunneling junction. The y-STM used in this thesis was indeed used successfully
for that in the past [60-62]. However, EL inherently requires some degree of conductivity
which means charge carrier transport. Light emission on the other hand, requires some
electronic decoupling between molecule and substrate. This is explained by Fig.2.3. A
molecule adsorbed on the surface may hybridize with the sample (Fig.2.3 a)). For this
reason, the HOMO is below the Fermi energy of the substrate. The Fermi energy of the tip
is shifted with respect to the Fermi energy of the substrate by the product of bias voltage
and elementary charge eVg. At suitable bias voltage, the LUMO of the molecule is at the
Fermi energy of the tip, which allows an electron to tunnel from the tip through the vacuum
barrier and then through the molecule into an empty state (hole) in the substrate. However,
this process does not excite the molecule. Excitation, i.e. the formation of an electron-hole
pair, which means first an electron must populate the LUMO followed by a hole populating
the HOMO or vice versa. EL therefore leads at some point to a charged molecule, because
an additional electron is either added to or removed from the neutral molecule before the
charge is compensated by the opposite charge carrier. This is an inherent difference to PL
where an electron is excited from the HOMO to the LUMO. For EL the molecule has to

10
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keep electron and hole in LUMO and HOMO long enough so recombination can occur. This
is unlikely, when either charge carrier can easily propagate to the substrate. For this reason
decoubling between molecule and substrate is required [40, 66-68]. Decoupling by placing
the molecule on a dielectric spacer (Fig.2.3 b)) allows the density of states of the molecule
to shift with respect to the tip and the substrate by the applied bias voltage. The HOMO
of the molecule can then be above the Fermi energy of the substrate which facilitates the
creation of a hole in the HOMO. Furthermore, the potential barrier between molecule and
substrate prevents hybridization and therefore hinders the direct propagation of the excited
electron to the substrate. This allows transiently charged states. When the electron-hole
pair recombines, a photon may be emitted.

a) A E; b) A E;
\ \
T > —-=-1> o T | O)
oo eVy oo eVy l
8 v EF 8 \ 4 ) » EF
w w
Tip Molecule Sample Tip Molecule  Sample

Figure 2.3: Schematic illustration of a) an electron tunneling from the tip through a potential
barrier into the LUMO of the molecule adsorbed on the sample. The electron
propagates from the LUMO of the molecule into an empty state (hole) in the
sample. The Fermi energies Fr of tip and sample are shifted by the potential
difference eVz. The HOMO and LUMO of the molecule are depicted in purple.
b) An electron tunneling from the tip through a potential barrier into the LUMO
of the molecule that is decoupled from the sample. The HOMO of the molecule
can now be shifted to the Fermi energy of the sample, allowing the creation of
an electron-hole pair with sufficient lifetime. The electron-hole pair may emit a
photon upon recombination. After [59, 69].

2.3 Radiative transitions in a quantum mechanical picture

This section is mostly based on Electronic Processes in Organic Semiconductors [70] which
offers an in depth description on photophysical processes in organic semiconductors.

The rate k;; for a transition between an initial state ¥; and a final state W¢ is given
by Fermi’s golden rule:

kip = Tp(w) | (T | H' | @) |, (2.6)
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2. THEORETICAL BACKGROUND

where p(w) is the density of the final states that depends on the frequency w of the involved
modes. The transition is expressed by a perturbation H’ that is added to the unperturbed
Hamiltonian H, according to H = Hy + H'. In the case of a transition caused by the
absorption of light, the dipole approximation may be used. H' is then given by the electric
and magnetic dipole operators d and m acting on the electric and magentic fields E and B,
respectively. The perturbation then is H =-d-E—m-B. Inserting this in eq. 2.6 gives:

2w A .
kig = —=p(@) || (Tr | d [ @5) - B " + | (¥r [0 | @) - B[
A (2.7)
2| (Or |d| W) B (% [0 | ) B,
The mixed term vanishes since E 1 B which simplifies this to:
P U [d| @) -E [+ | (¥ || T;)-B|? 2.8
if = 2 pw) || (P [d [ W) - E "+ [ (Tg |1 [ E) - B[ (2.8)

In the case of a dipole inside a cavity of two metal electrodes, p(w) contains the enhancement
of the local density of states due to the Purcell effect [71]. The radiative transition rate
of a dipole inside a cavity can be obtained when describing the photonic density of states
with p(w) and considering the quantized electric field E, (M) which considers the root mean
square of the local zero-point electric field at position M of the system which arises from
the non vanishing zero point energy. The perturbation is then given by the electric dipole
moment when neglecting magnetic dipole transitions. This leads to the radiative transition
rate kpaq [72]:

2w A
Fraa = Fp(w> | <lIlf | d | ‘Il1> |2 EZ(M)2 (29)
The total molecular wavefunction has electric (Wer), spin (Wgpin) and vibrational (W)
contributions. Using the Born-Oppenheimer aproximation and neglecting the magnetic
dipole interaction leads to [70]:

2m 9

Eﬂ(w) ’ <\Ile1,f ‘ er ‘ \Ilel,i> ’2‘ <\Ilvib,f | ‘Ilvib,i> ‘2| <\Ijspin,f ‘ \Ilspin,i> ‘ ) (210)

with the electric dipole operator d = et, where e is the elementary charge and t the
position operator. The overlap of the electronic wavefunctions of initial and final states
is responsible for the intensity of the transition. The electric dipole operator has an odd
symmetry under spatial inversion. For this reason, the electronic integral | (Wers | ef |
Weri) |? requires different parity between Wi and W, otherwise the integral will be
zero and the transition is considered electric dipole forbidden. The Franck-Condon factor
(Pyibs | Pyibi) | gives the probability of the transition from the vibrational ground state
of the electronic ground state to a vibrational excited state of an electronic excited state (see
Fig.2.7). The spin integral (Wspinf | Pspin,i) can have a value of 0 or 1 depending on whether
W; and W¢ have same or opposite spin. When they have the same spin, the transition is
spin allowed, otherwise it is forbidden. Radiative emission from spin allowed transitions are
called fluorescence, emission from spin forbidden transitions are called phosphoresence. The
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2.4. LIGHT EMISSION INSIDE THE STM CAVITY

observation of the forbidden phosphoresence is enabled by spin-orbit coupling, which means
the change in spin S can be compensated by a change in the orbital angular momentum L
since only the sum J = L + S has to be conserved.

2.4 Light emission inside the STM cavity

Among other things, this thesis focuses on the luminescence of molecules adsorbed on metal
surfaces inside the STM cavity. For this reason, the interaction of the electromagnetic
field and the metal will be discussed in this section, outlining the characteristics of plasma
oscillations and highlighting the differences in the electric and magnetic field components
of dipole radiation in front of metal surfaces.

2.4.1 Plasma oscillations

This section is mostly based on Principles of Nano-Optics [73] which provides an in depth
description of the interaction of matter and light at the nano scale.

An idealized metal can be described as a lattice of ions and a free electron gas. When
the electrons are homogeneously distributed their charge cancels the opposite charge of the
ions and the total charge of the metal is neutral. When an electron is displaced, the local
equilibrium is broken and the positive charge of the lattice is no longer fully compensated.
This creates and electric field between the electron and the vacant position and concomi-
tantly a restoring force that acts upon the electron. This problem can be described by a
harmonic oscillator. In this idealized model, damping is not considered and the solution to
the differential equation of the harmonic oscillator is given by the volume plasma frequency

o
[ ne2

=] —. 2.11

Wp me ( )

D
n describes the electron density, e the elementary charge, m the effective electron mass and
€o the vacuum dielectric constant. The quantization of these charge oscillations arising from
quantummechanics are called plasmons.

When light, i.e. an electromagnetic wave, hits a metallic surface, it can be reflected or
transmitted, when damping which means absorption is neglected. When the free space fre-
quency of the light w is lower than the plasma frequency w, (w < w,) the free electrons in
the metal will move in sync with the electric field of the light, but with a phase shift of
180°. These image charge oscillations compensate the electric field inside the metal, while
creating a reflected wave outside the metal. When w > w,, the electrons cannot follow
the excitation due to their inertia and the metal becomes predominantly transparent, e.g.
for X-rays. When the electromagnetic field has longitudinal components, for example in a
non-uniform field, bulk plasmons can be excited.
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2. THEORETICAL BACKGROUND

Another type of plasmons can be found at the interface between two media when the di-
electric function € of one medium is positive, and negative for the other. This is the case for
the interface between a dielectric such as vacuum and a metal. Electrons may be excited to
coherent oscillations that propagate along the interface as delocalized waves. These oscilla-
tions are referred to as surface plasmon polaritons (SPPs). To excite a SPP, the momentum
of the excitation light needs to match the momentum of the SPP. The dispersion relation
is schematically displayed in Fig.2.4. The frequency of bulk plasmons wgyy is shown in
green, the frequency of free photons is shown in red and the frequency of SPPs in blue. The
maximum frequency of SPPs wgiy for large wavevectors is indicated by the lower dashed
horizontal line. The upper dashed horizontal line represents the plasma frequency w,. Pho-
tons describe free electromagnetic waves in the far field. Their frequency and thus energy
is limited by w = ck. When plasmons are considered, the parallel wavevector k) along the
interface is portrayed along the x-axis. This leads to a so called light cone as depicted in
gray, since the wave vector perpendicular to the surface can vary. Light propagating in the
far field as photons only exists within the light cone.

SPP can be understood when considering Maxwell’s equation for the electric field at an
interface at z = 0 [73]:

1
E; = Ey 0 etkilelthaz—uwt (2.12)
_kz/kj,z
j = 1,2 hereby describe the two half spaces at the interface z = 0 defined by the dielectric
functions €; and €, of metal and vacuum, respectively. The wavevectors k, and k; . are given

by:

2

2 €1€p W
= (2.13)
2 2
2 & W

When absorption is neglected, €; and €5 are real. Furthermore, for a vacuum-metal interface,
€1 is negative and large in comparison to €5 so the conditions €1e5 < 0 and €; + €5 < 0 are
met. For this reason £, is real and k; . is imaginary, the wave is therefore localized on the
interface and decays exponentially into both media. The magnetic field is equally confined
to the surface and oscillates in phase with the electric field. The thus defined charge carrier
oscillations are called SPPs. Their frequency wspp is given by:

Wp

Wspp m (215)
While SPPs can travel along the interface, their propagation is limited to several 10 pum.
It is apparent from the dispersion relation that the free space lightwaves and SPPs cannot
interact with each other due to the mismatch in momentum. This means free space light
cannot excite SPPs and SPPs cannot couple into free space light in the idealized model of a
plane interface. In reality, however, the surface roughness, the presence of scattering centers
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Figure 2.4: Dispersion relation of the frequency of bulk plasmons wgy, (green), photons in
vacuum w (red) and SPPs (blue). The light cone describing propagating photons
is indicated in gray. The maximum frequency of SPPs is given by wgpy. After
(62, 74].

and, in the context of this work, the STM tip will break the lateral translation invariance [59].

The SPPs of two metals in proximity can couple when their evanescent waves overlap [62, 75].
This interaction of coupled charge carriers on both metals separated by a dielectric spacer
is called a gap plasmon. This situation is found in the STM junction where a metallic tip
is in proximity to a metallic substrate separated by the vacuum. The resonance condition
is fulfilled for integer values of the mode index [ (I = 0,1,2...) [72] when the tip-sample
distance d is equal to half of the wavelength of the gap plasmon also called localized surface
plasmon (LSP). The resonance frequency wj is then given by [72]:

d
Wy R Wy (l+0.5)\/2—. (2.16)

R describes the radius of curvature of the tip apex. The exact tip configuration does
therefore greatly influence emission from gap plasmons. In the case of STML, LSPs may
be excited by inelastic tunneling [76]. When the match in momentum is given, LSPs can
radiate into the far field by emitting photons. In the context of STML, the energy of these
photons is limited by the bias voltage [62].

2.4.2 Dipole emission in front of metallic and dielectric surfaces

K. H. Drexhage discovered that the exited state lifetime of a light emitting molecule will
vary when placed in front of a mirror. Using Eu®** complexes on top of dielectric spacers
of varying thicknesses, he observed an oscillatory behavior of the lifetime when varying the
distance to the mirror [77]. H. Kuhn describes this dependence as an interference effect
between the dipole and its image charge by considering the retardation induced upon re-
flection [78]. In a classical and idealized picture, this problem can be described by a dipole
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inducing an image charge oscillating out of phase and interfering with the dipole [78, 79].
Therefore, the distinction between the electric and magnetic field becomes apparent, since
only the electric field experiences a phase shift of 180° upon reflection at frequencies below
the plasma frequency. When the oscillating point charge of the dipole is described by a
harmonic oscillator, the dampening is given by the energy loss due to radiation, while the
image charge can be treated as an additional force acting on the oscillating point charge [80].

When the distance between dipole and mirror surface is decreased, the dipole transfers en-
ergy to the metal [80], which opens de-excitation pathways in the case of excited molecules.
For molecule-mirror distances larger than atomic distances, but smaller than the emission
wavelength, this problem is analogous to a dipole antenna close to the ground whose ra-
diation is partially absorbed and partially reflected [79, 80]. The first theoretical solution
to this problem was provided by A. Sommerfeld, who already realized the possibility of
surface waves [80, 81]. Similar to the surface waves described by Sommerfeld, an emit-
ting molecule in front of a metal couples to plasmons [80, 82]. This is due to localized
electronic energy being converted into charge-density oscillations at the metal surface [74].
While Kuhn’s approach is in agreement with Sommerfeld’s findings and suitable for large
distances, the energy flux method described by R. R. Chance et al. allows to consider the
impact of radiative and non-radiative energy transfer separately [80]. This method considers
the energy flux through two infinite planes, above and below the dipole, respectively. For
large distances, the terms describing the energy transfer to the metal by far field radiation
are dominant. The energy flux method described by Chance et al. [80] leads to the same
results regarding the radiative decay rates as the interference approach by Drexhage [77,
80], but also describes the non-radiative decay rate due to energy transfer to the metal.
For small distances, the non-radiative decay rate Bnonmd is proportional to the distance d
With bnonraq ~ d 3. While Férster type energy transfer might be expected to be the main
mechanism for the energy being transferred from the molecule to the metal, this was shown
to be insufficient [80]. The luminescence decay of a molecule at a distance to a metal surface
smaller than the emission wavelength was also considered by H. Morawitz et al. [74]. They
found a drastic reduction in the lifetime when approaching the metal surface which leads to
a diverging emission linewidth.

The expression for the energy transfer rate vgr of dipole emission in front of a metal surface
at distance d is given by [46, 49, 80, 82, 83]:

3 (gmetal - emol) pi +p§ + 2p§ 1

I R 2.17
16k3 o 6metal—f—gmol |p|2 d3 ( )

YET = Yrado *
Yrado describes the radiative rate in free space, k the wavevector, eea the permittivity of
the metal surface, epno the permittivity of the environment of the molecular dipole, p,., .
the components of the transition dipole moment and d the distance between the dipole
emitter and the metal surface. For the main Eu®" transition Dy — "F,, A = 27/k can
be approximated to 615 nm. The permittivities of organic complexes and a silver substrate

are given by e = 2.56 [34] and epeta; = -16 + 0.6 1 [84]. An an-isotropic medium, i.e. a
pa+pa+2p2

random orientation of dipole moments leads to o

= 4/3. Using these values, ygr is
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given by:

4030
VET = Vrado * s (2.18)

{d} denotes the value of the distance d ([d]=nm) without dimension. The decay rate as
expressed by Yobs = Vrado + VET + Ynonrad then is:

4030
{d}?
It should be noted that early publications report that the de-excitation of molecules via
so called lossy surface waves approaches 100 % with vanishing distance to the metal sur-
face [82]. Significant de-excitation via photon emission and the excitation of SPPs is only
expected for distances larger than 10 nm. A more recent report states that the identical

cubic distance dependence for the energy transfer rate and the decay rate of gap plasmons
indicates that these processes are of the same nature for vanishing distances [49].

Yobs = Yrado * (1 + ) 4 Ynonrad- (219)

L. Novotny and B. Hecht provide a quantitative description on the lifetime of a dipole
in front of metallic and dielectric surfaces in a modern context [73]. For small distances,
the lifetime of a vertical electric dipole in front of a dielectric surface is always larger than
for a vertical electric dipole in front of a metallic surface. For a horizontally oriented dipole
in front of a metal, the lifetime shows an oscillatory behavior. These oscillations are less
pronounced in front of a dielectric surface. At small distances, the lifetime of the horizontal
dipole approximates zero in front of a metal, while the lifetime of the dipole in front of the
dielectric is close to the lifetime of a dipole at infinite distance. The graphs of the lifetime
in front of a metal and in front of a dielectric intersect at 8.3 nm for an aluminium surface.
The regime of distances around 20 nm is of most interest in this thesis, since thin films of
approximately this height were investigated.

The difference in emission of electric and magnetic dipoles in front of a metallic surface
is illustrated in Fig.2.5. A dipole antenna radiates mostly perpendicular to its axis. For
an optical fiber positioned perpendicular to a metallic surface, the highest light collection
would therefore be expected for a dipole oriented parallel to the surface, i.e. perpendicular
to the optical fiber. However, in the context of Eu*t complexes adsorbed on the metal
surface, both, the electric and magnetic dipole transitions have to be considered.

In an idealized picture, an electric dipole above a metallic surface induces an opposing
image charge in the metal. When the electric dipole moment d is oriented parallel to the
surface, the electric dipole moment of the image charge dy points in the opposite direction
(Fig. 2.5 a). For an electric dipole with d perpendicular to the surface, dy points in the same
direction (Fig.2.5 b). In both cases, there is an attractive force between dipole and image
charge, but when d and dj point in opposite directions, they interfere destructively reducing
the transition probability [85]. In the context of STML this reduces the light collected from
ED transitions with the optical fiber. When d and dj point in the same direction, they
interfere constructively enhancing the transition probability and therefore light collection
[85]. The opposite is true for a magnetic dipole. A magnetic dipole in front of a metallic
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Figure 2.5: ED and MD emission in front of a metallic surface with induced image charge
for parallel and perpendicular oriented electric (d) and magnetic (m) dipole
moments. The optical fiber is perpendicular to the surface. The force between
the dipole and its image charge is indicated by the black arrows. For an electric
dipole, the force between itself and its image charge is attractive (a,b). For a
magnetic dipole, the force is repulsive (c,d). The orientation of the electric and
magentic dipole moment is indicated by the orange arrows. d interferes destruc-
tively (a) (constructively (b)) with the electric dipole moment of its image dp
when it is oriented parallel (perpendicular) to the surface. m interferes con-
structively (c) (destructively (d)) with the magnetic dipole moment of its image
mj when it is oriented parallel (perpendicular) to the surface.

surface will lead to a charge carrier distribution that induces a repulsive force to its source.
For a magnetic dipole moment m parallel to the surface, the dipole moment of its image mjy
points in the same direction resulting in constructive interference and therefore an increased
transition probability [85] and enhanced light collection from the MD transition (Fig.2.5
¢)). When the magnetic dipole moment is oriented perpendicular to the surface (Fig. 2.5 d))
it interferes destructively with its image reducing the transition probability [85] and light
collection. When light is collected mostly perpendicular to the metal surface, emission from
MD transitions is preferably detected.

Another way of looking at this is by considering the boundary conditions of the electromag-
netic field at the metal interface. For a mode of the electromagnetic field with wavevector
normal to the surface, the electric field has a node at the interface, while the magnetic field
has a maximum. This is synonymous with the electric field experiencing a phaseshift of
180° upon reflection at the metal surface. This results in a vanishing transition probability
for an ED transition and a maximum transition probability for a MD transition according
to Fermi’s golden rule.
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2.5 Transition rates and observed lifetime

When several molecules are excited and the luminescence signal is measured, its intensity
I(t) will decline exponentially over time. The exponential decay can be explained as follows:
For simplicity, we consider only one kind of molecule and follow the decay of one particular
excited state. This state then has the same probability to decay in each infinitesimal time
interval. Analogous to radioactive decay, this probability does not depend on the history of
excitation and is independent on the time spent in the excited state. In reality, there are
multiple pathways for de-excitation. An excited state can either relax radiatively, or non-
radiatively. A radiative decay is defined as the emission of electromagnetic radiation. All
processes that lead to the de-excitation of the excited state without emitting electromagnetic
radiation are called non-radiative. A radiative transition is characterized by the transition
rate k..q, @ non-radiative transition by the non-radiative transition rate kyonraq. Since a
single state cannot simultaneously decay radiatively and non-radiatively, these processes
are non-independent. The total transition rate then is kiot = krad + Knonrad- There are
several pathways for non-radiative transitions that will be discussed later. Each pathway
has a specific transition rate. kyonraq is therefore the sum of all non-radiative transition rates.
The more pathways for non-radiative transitions exist, the higher kyonaq Will be, since each
transition contributes its rate. An increasing amount of de-excitation pathways therefore
leads to a faster exponential decay. The rate of a transition depends on the probability
of the transition between initial and final state according to Fermi’s golden rule and is an
inherent property of the transition. ki, is an inherent property of the excited state and not
of a specific transition, since it contains contributions of all transitions starting at this state.
kiot can be derived directly from experimental data when the PL intensity after excitation is
tracked over time. For every measurement time interval, each molecule has the probability
of decaying by a radiative or non-radiative transition after being excited by a light pulse.
The probability of detecting a photon emitted from the excited state is not only determined
by kraqa but by ki, since the population of excited molecules that could potentially emit a
photon decreases, with k... The PL intensity declines according to:

J— t‘ktot
Z = N .

where [j is the maximal intensity. It is therefore sufficient to track a single decay process of
the excited state to derive its k. In experiment, this can be done by tracking the emission
caused by a radiative decay of the excited state into the far field at a specific wavelength
that does not overlap with emission from other excited states. When the emission spectrum
from one excited state overlaps with emission from other excited states, the decays of these
two populations lead to a sum of exponential functions when the decaying PL intensity is
tracked at a wavelength within the overlap. The intensity is then given by:

I(t) =) Ipzehev, (2.21)

This can be the case for emission with spectral overlap from different electronic states but
also for molecules in the same electronic state but different surroundings. In the context
of this thesis for example for thin films of Eu®T complexes on a substrate, some molecules
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are adsorbed on the substrate, some are surrounded by other molecules and some are at
the interface to the vacuum. This already creates three different environments that interact
with the excited molecules, thus providing three different kinds of molecules with different
transition rates.

The observed lifetime can be derived from the total transition rate, according to the def-
inition 7ops = 1/kios. It describes the time after which the intensity of the PL signal has
dropped to 1/e of its initial value. Measuring 7,5 will be discussed in section 3.1.3. The
radiative lifetime 7,,q = 1/kpaq cannot directly be determined from experiment, but derived
from Judd-Ofelt (JO) theory in the case of emission from Eu*" as will be shown in section
2.7. In the case of lanthanides, 7,5 is exceptionally high due to the shielding of the 4f shell.

Molecules cannot be considered as single isolated entities. In this thesis they were investi-
gated in a crystalline powder as obtained after synthesis, dissolved in an alcoholic solution,
and as films on dielectric and metallic substrates. Each of these samples provide different
environments and decay channels that may reduce luminescence and are therefore critical to
improve the electron to light conversion. For molecules adsorbed on a metal surface, decay
processes include the excitation of SPPs [47, 48], excitation of image charge oscillations
[46], the creation of electron-hole pairs in the metal [45] and electron transport from the
molecule to the metal [40]. SPPs can emit into the farfield, when the surface of the metal
is appropriately structured [47]. Otherwise their energy will be lost to vibrations within
the metal. In the case of a molecule in the STM cavity, there are additional de-excitations
given by the excitation of LSPs [49]. Molecules can be placed on dielectric films ontop of
the metal substrate to reduce charge transfer from the excited molecule to the metal sub-
strate and increase luminescence [40, 66-68]. In contrast to depositing the molecules on a
dielectric substrate, this technique allows to perform STM measurements. The transition
rate of a light emitting molecule furthermore depends on its distance to the metal center
as was shown in section 2.4.2. This is also true for dielectric surfaces but to a smaller
extent. The distance dependence of the transition rate becomes important when investi-
gating films of Eu®* complexes as will be discussed in section 3.6.6. Depositing molecules
on a dielectric substrate eliminates decay by charge transfer, plasmonic excitation, image
charge oscillations, and electron-hole pair creation. For a dielectric surrounding, the im-
pact of the refractive index becomes apparent: the photonic local density of states increases
with increasing refractive index which leads to an enhancement of the radiative transition
rate [50-52]. Furthermore, the refractive index of the surrounding medium is known to
impact Forster type energy transfer [53]. It should be pointed out that even in isolated
molecules non-radiative de-excitation channels exist. A famous example is the quenching
of luminescence due to relaxation caused by OH-vibrations [42-44]. The high frequency of
OH-vibrations (~ 3500 cm™' [86]) efficiently quenches luminescense as can be seen when
considering the energy gap law. This states that the non-radiative transition rate for vi-
bronic relaxations ki, scales according to kyi, o< exp(—yAE/(fwy)) [70]. AE is the energy
difference between initial and final state, v a term accounting for molecular parameters, and
wys the frequency of the mode with highest energy. The high frequency of OH-vibrations
leads to a large k.. For this reason hydrogen is often replaced by the heavier deuterium
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to reduce quenching [86, 87]. In solution, vibrational relaxation can be mediated by higher
harmonics of hydrogen bond vibrations [41-43].

2.6 Emission from 4f transitions in Eu®*

The electronic configuration of Eu is [Xe|4f76s*. However in its trivalent form (Eu®"), the
configuration is [Xe]4f%. Although the 4f shell is the highest in energy, it does not extent
farthest from the atomic nucleus. Instead, it is shielded by the 5s and 5p orbitals. The six
valence electrons of Eu®* are distributed in the seven f orbitals of the f shell according to
Hund’s rule [63]. The term symbol of the ground state of Eu?* is “F;. The term symbol
describes the spin multiplicity .S, the orbital momentum L and the total angular momentum
J of a state according to 2*!L; where J ranges from | L — S | to | L+ S | in integer steps.
Each of the seven f orbitals within the f shell can hold up to two electrons with opposite spin
according to Pauli’s principle [63]. Hence, there are (164) = 3003 different ways to distribute
the six valence electrons within the f shell. Electron repulsion places quantum mechanical
restrictions on the distribution of electrons which splits the 4f shell into 119 different terms.
This means there are 118 excitations possible by redistributing the electrons within the 4f
shell. Laporte selection rules require a change in parity when transitioning from one orbital
to another in a centrosymmetric environment that is given for isolated atoms [34]. This
is a direct consequence of the electronic integral in Fermi’s golden rule requiring a change
in parity to not vanish. Transitions within the 4f shell of an isolated atom are inherently
Laporte forbidden. However, when Eu?* is embedded in a complex consisting of Eu** as
the metal center, surrounded by ligands, the selection rules are relaxed by the ligand field
and vibronic coupling. These transitions are then called induced electric dipole transitions.
These transitions are comparatively long lived (see section 3.1) due to their forbidden nature
[34]. The selection rules for induced electric dipole transitions according to Judd [34, 88, 89]
are listed in Table 2.1. The resulting long lifetimes in connection with the shielding effect
makes Eu®™ complexes highly interesting for applications in optoelectronics [90-92], sensors
[93-96] and spintronic devices [97, 98].

ED transition Induced ED transition MD transition
AS =0 | AS |=0 AS =0

| AL <1 | AL |<6 AL =0
L=0+ L =0

| AT |<1 | AT <6 AJ=0,+£1
J=0+»J =0 | AT |=2,4,6if J=0o0rJ =0 J=0»J =0
Oscillator strength:

~0.01 -1 ~ 107 of ED ~ 1076 of ED

Table 2.1: Selection rules for electric dipole (ED) transitions, induced ED transitions and
magnetic dipole (MD) transitions within the 4f shell with approximate magnitude
of oscillator strength after [34, 89]. "«»" indicates a forbidden transition.
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The PL spectrum of Eut complexes is dominated by the fine structure resulting from ra-
diative transitions from the first excited state °Dy to the ground states "F; with J =0 — 6
(Fig.2.6). The degeneracy of the total angular momentum J is lifted by spin-orbit coupling,
leading to seven main emission bands in the visible range. The shielding of the 4f orbital
leads to the characteristic emission spectrum that only changes slightly with different envi-
ronments, e.g. different ligands. The shielding effect also reduces broadening of the emission
bands by interaction with the environment resulting in sharp emission bands. Each emission
band of the fine structure consists of several ligand field sub levels arising from the Stark
effect lifting the 2J 4+ 1 degeneracy. The Stark effect describes the splitting of emission
lines due to an electric field. The distribution of the electric field at the metal center of the
complex depends on the type and orientation of the ligands. Therefore, an analysis of the
ligand field sublevels allows to draw conclusions about the symmetry of the environment
of the light emitting metal center. In general, the number of observed ligand field levels
increases with decreasing symmetry [34, 89]. When emission results from transitions within
several complexes, the interaction between the complexes has to be regarded, as well. A
single crystal of complexes offers a well defined environment, resulting in sharp crystal field
levels.

7F07F1 7F2 7F3 7|:4 7F5 7F6

Intensity (a.u.)

600 700 800
Wavelength (nm)

Figure 2.6: Emission spectrum of Eu?" with main emission bands from Dy — "Fj_y_g
transitions on gray background and ligand field sublevels exemplary highlighted
in color. Emissions from Dy — "F5 and °Dy — "Fy are very weak.

An overview of the main transitions in the emission spectrum of Eu?T is given in table 2.2.
The Dy — "F, emission band lacks degeneracy because of J = 0. This leads to one sharp
emission line at 570-585 nm from an induced ED transition. Due to its sharpness, it is often
used as an indicator for the local environment and symmetry of the light emitting site. The
®Dy — "Fy transition is not only Laporte forbidden, but it is also not allowed according to
the selection rules for induced ED transitions, because J and J' = 0. It is still a topic of
discussion why its emission can be observed nonetheless. Mostly, the relaxation of selection
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2.6. EMISSION FROM 4F TRANSITIONS IN EU3*

rules is attributed to J mixing caused by the ligand field [34-38], or to a distortion of the
environment due to charge transfer [39]. The Dy — TFj transition is of magnetic dipole
character. While MD transitions are typically about two orders of magnitude less intense
than induced ED transitions, the ® Dy — 7F} emission band can usually be well observed at
585-600 nm. This transition is unique within the main emission spectrum of Eu®", since it
is the only MD transition. This makes it less sensitive to the environment, which allows to
normalize the spectrum and compare different spectra to one another. Furthermore, when
the light emitting molecule is in proximity to metal surfaces or islands, the emissions from
induced electric dipole transitions can be quenched in comparison to the MD transition, or
vice versa (see section 2.4.2). The red color of the Eu*" emission spectrum arises from the
most intense emission band from the °Dy — “F, induced ED transition at 610-630 nm. This
transition in considered hypersensitive to the environment surrounding the light emitting
site [34, 89]. The 5Dy — "Fy and Dy — 7F}y transitions whose emissions can be observed
at 640-660 nm and 740-770 nm, respectively, are forbidden according to the selection rules
for induced ED transitions, with the ?Dy — 7Fy sometimes being hardly visible. Emission
from the Dy — "F} transition can be observed at 680-710 nm. This transition depends on
the environment of the light emitting molecule, but it is not hypersensitive to it. Emission
from the 5Dy — "Fy transition at 810-840 nm is very weak.

Transition Dipole Wavelength Relative Remarks
character range (nm) intensity

°Dy — "Fy ED 570-585 vw to s Forbidden transition; only ob-
served in C,,, C,, and Cs symme-
try

Dy — "F,  MD 585-600 s Intensity largely independent of
environment

Dy — "F, ED 610-630 s to vs Hypersensitive transition; inten-

sity very strongly dependent on
environment; most prominent
transition in all Eu®T spectra in

this work

°Dy — "Fy  ED 640-660 vw to w  Forbidden transition

Dy — "Fy ED 680-710 m to s Intensity dependent on environ-
ment, but no hypersensitivity

Dy — "Fy ED 740-770 VW Forbidden transition

Dy — "Fy ED 810-840 vw tom  Rarely measured and observed in
literature

Table 2.2: Main transitions of an Eu?' emission spectrum. vw: very weak, w: weak, m:
medium, s: strong, vs: very strong. °Dy — "Fy and Dy — "F} are forbidden
according to selection rules for induced dipole transitions. After [34].

While the typical Eu*t spectrum arises from the radiative transitions mainly from the 5D
excited levels to the "Fy_g ground states, emission from and D; to "F; is sometimes also
observed and can overlap with emission from ®Dy. An overview of the emission from %D,
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°D; and 5D, is given in table 2.3. The excited levels with higher energy, e.g. ®>D; can relax
non-radiatively into lower levels as will be shown in section 3.6.5.

7F0 7F1 7]_;12 7F3 7]_:“4 7F5 7F6
Dy 580 594 618 652 696 751 817
D; 527 538 558 586 621 664 715
Dy, 466 475 490 512 538 570 608

Table 2.3: Approximate wavelengths in nm of emission from transitions between ®>Dy_y to
7F0_6. After [34]

2.7 Determining Judd-Ofelt parameters from Eu’"
emission

When exciting light emitting molecules and tracking the exponential decay of the PL signal,
only the observed lifetime 7,4 is directly accessible. ’7'O_bls is determined by the sum off all
possible de-excitation mechanisms (see section 2.3). However, for optimizing the quantum
yield, the radiative lifetime 7,54 is of interest. For the case of emission from Eu®*, 7.,q can be
estimated from the PL spectrum by using the JO parameterization. This section is mostly
based on [34]. The main emission bands of the Eu** spectrum are characterized by their J
quantum number. The Einstein coefficient A(W¥y, W) describes the rate for spontaneous
emission from ¥ — W;. It is given by:

: 6413 [n(n? + 2)?
AW, Y = D 3D . 2.22
(3, %) 3h(2J + 1) 9 ED + 7" LMD (2.22)

v = 1/X is the average wavenumber of the J — J’ transition, h the Planck constant, and
Dgp and Dyp the electric and magnetic dipole strengths, respectively. The factor 2J + 1
accounts for the J degeneracy of the initial state. For the initial state of Eu®*T (°Dy),
2J +1 = 1. Since Eu' is usually incorporated in a medium or adsorbed on a surface,
the refractive index n of this medium has to be considered. The Eu® ion is not only
influenced by the electric field of the excitation light, but also by the electric field of the
dipoles in the medium. The electric field in the medium is expressed by the Lorentz local
field correction. This leads to the factor y/n?(n? + 2)2/9 when also considering the speed of
light in the medium. The average wavenumber of the transition 7, can be derived from the
PL spectrum by weighing the wavenumber o with the intensity at that wavenumber ()
for the particular emission band from ¥/ — W, therefore calculating the center of the
band according to:

/
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\ = 2, 4,6 corresponds to emission from the 5Dy — 7F274,6 transitions. The magnetic dipole
strength Dyip is zero for all transitions except for the magnetic dipole allowed Dy — 7F}
transition. The value for Dyp = 9.6 - 107° Debye? can be calculated exactly [34, 99, 100].
The electric dipole strength Dgp can be derived from the JO parameters €2,. It is given by:

Dgp =¢* > 0 (Ty]|UN] @), (2.24)

A=2,4,6

Values for the squared reduced matrix elements (¥ HU ) H\I’J/ >2 can be taken from literature
[34, 99, 100] and are summarized in table 2.4.

(T [UP[[@7)" (B[ UO[@T)" (@U@’
"Dy — "F, 0.0032 0 0
"Dy — "Fy 0 0.0023 0
"Dy — "Fg 0 0 0.0002

Table 2.4: Squared reduced matrix elements for induced electric dipole transition used for
the calculation of the electric dipole strength and JO parameters. After [34, 99,
100].

For determining the JO parameters €2y, only the average wavenumber of the Dy — "}
transition 7, and the average wavenumbers 7y for emission bands from *Dy — "Fj_s46
need to be calculated from the experimental data. €2, is then given by:

) (7) di
D 3 3 / A
0. — D Vi 9n , (2.25)

NIRRT [y

Q=246 corresponds to the induced electric dipole transitions 5Dy — "Fj_ 4.

For Eu®", 7.4 can easily be derived from the emission spectrum. The spectrum needs
to be corrected for detection efficiency, so the ratios of the individual emission lines are
accurate. The rate for radiative emission A,.q is then given by:

1

Trad

Arad =

Iy
= AMD,O TL3 ([l\t/ﬂt)) . (226)

Iiot is the integrated intensity of all emission lines, Iyip the integrated intensity of the MD
allowed transition ® Dy —" F}. n is the refractive index of the medium surrounding the Eu3+
ion and Ayp o the spontaneous emission probability of the 5Dy —7 F} transition in vacuum
(Aupo = 14.65 s [34]). The rate for non-radiative transition Aoq can be calculated
when the observed lifetime 7,5 is known from PL decay experiments by:

1 1 1
Anonrad - Atot - Arad - - - (227)

Thnonrad Tobs Trad
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Aot = To_bi describes the total transition rate.

The quantum yield ® is defined by the ratio of emitted photons to absorbed photons. The
intrinsic quantum yield ®I is the quantum yield, when the Eu* ion is excited directly. It
can be calculated by:

pln — Tobs (2.28)

Trad

2.8 Excitation via the ligand antenna effect

The shielding of the 4f shell by the 5s and 5p shells decreases the probability for exciting the
Eu' ion. The excitation efficiency can be increased by utilizing the ligand antenna effect.
For this reason, the ligands attaching to the Eu* ion must not only have suitable chemical
properties for oxidizing Eu to Eu®*, but also facilitate excitation of the Eu?* core by having
a broad absorbance in the UV-vis region and efficient charge transfer to the metal center.
The ligand antenna effect describes the excitation of the light emitting metal ion via non-
radiative intramolecular energy transfer [101-104]. It is well documented in betadiketonates
such as 1-(2-Thenoyl)-3,3,3-trifluoroacetone (tta) [92, 105-107] and 1-Phenyl-3,3,3-trifluoro-
2.4-pentanedione (btfa) [91, 108-110]. Depending on the requirements to the complex, other
ligands such as 2,2’-bipyridine (bpy) [91, 92, 105-110] or H,O [42, 95, 111, 112] might be
used. The OH-vibrations in HyO are known to quench luminescence by providing a path-
way for non-radiative deactivation [42—44] which can be used for determining the impact of
ligands on lifetimes and PL [52]. The onset of absorbance in bpy is at 380 - 325 nm, tta
and btfa start absorbing at around 400 nm [107-109]. Recently, Eu®" was incorporated into
2,2’,2”-tris(salicylideneimino)triethylamine) (trensal) which also starts to absorb at around
400 nm [113]. An overview of the ligands and complexes is given in section 3.2.4, Fig. 3.6
and 3.7.

The excitation via the ligand antenna effect and the emission from the Eu®" excited states
of an Eu*" complex are depicted in Fig.2.7. The ground singlet state of the ligand S, and
the excited singlet and triplet states S; and T are depicted by the potential wells. These
potentials wells describe the vibronic excitation of the molecule. The horizontal shift be-
tween the potential wells corresponds to the increased equilibrium distance upon excitation.
The excitation is displayed by the blue solid arrow stretching from the vibronic ground state
of Sy to a higher vibronic state of S; according to the Franck-Condon principle [70]. The
excited vibrational state relaxes via the emission of phonons to the vibrational ground state
of Sy [70]. This process tipically takes about a picosecond [70]. From the vibrational ground
state of Sy, the triplet state 77 can be populated via inter system crossing (ISC) which is
followed by vibrational relaxation. Ligand emission from S; and 7; to Sy can occur. The
excited states of the Eut ion can be populated from S; or T;. Energy might be transferred
back from the Eu®* ion to S; or T;. Non-radiative transitions can occur from S;, T} and
from the excited states of Eu?t. Although populating the excited levels of Eu®* from the
triplet state T} requires a spin forbidden ISC from S; to T}, this process is favored by Eu*
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Figure 2.7: Excitation and transition scheme of Europium complexes utilizing the ligand
antenna effect after [101]. The vibrational ground state of Sy is excited to a
higher vibrational state of S; (solid black arrow). The higher vibrational state
relaxes by emitting phonons into the vibrational ground state of Sy (blue arrows).
From there, radiative or non-radiative transitions to Sy (vertical curvy and solid
arrow), or ISC to T) can occur (horizontal curvy arrow). After vibrational
relaxation, 77 can decay radiatively, or non-radiatively to Sy (vertical curvy and
solid arrows) or transfer its energy to the excited levels of Eu** (dashed arrows).
The excited levels of Eu®* can decay by emitting a photon to "F; or by non-
radiative processes (vertical curvy arrows). Higher excited levels such as °D, or
Dy might decay to "F; directly or by relaxing to lower excited levels first.

complexes due to strong spin orbit coupling [101, 114].

In order to optimize light emission from the Eu®* complex, the possibility for non-radiative
decay to the ground states of either ligands or Eu?* needs to be minimized. Also radiative
decay from S; and T} will reduce emission from the Eu?* ion. Furthermore, an efficient
energy transfer from T} to the excited states of Eu* has to be ensured. Energy transfer
from a donor to an acceptor moiety is usually regarded as Forster or Dexter type. Forster
type energy transfer happens via coulombic dipole-dipole interaction between donor and
acceptor [70]. Transitions involving triplet states are not possible since Forster transfer con-
serves the spin of donor and acceptor individually. Due to the coulombic interaction, it relies
on strong dipole transition moments that are not given for 4f materials. Energy transfer
from the antenna ligands to the Eu®™ metal center is therefore mostly considered to take
place via Dexter transfer [103], although the presence of additional transfer pathways has
been reported [115]. Dexter type energy transfer relies on the exchange of electrons between
donor and acceptor. For this reason, it requires sufficient overlap of the wavefunctions and
is therefore short range.
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3 Photophysical properties of Eu’™
complexes

This chapter focuses on the photophysical properties of Eu** complexes. The experimen-
tal set-up used for sample preparation and the set-up for characterization of the optical
properties will be described. Both were established as part of this thesis. The experimen-
tal findings discuss STM topography data of betadiketonate and trensal based complexes
adsorbed on Ag(111) and Au(111) substrates, highlighting the impact of the sample prepa-
ration method. Furthermore, the performed EL experiments will briefly be shown. The
most important results focus on the dynamics of the 4f transitions within Eu*t complexes,
including a qualitative comparison of the PL spectra both in bulk and in thin films, as well
as radiative and non-radiative transition rates derived from JO analysis. The decay dynam-
ics are quantitatively treated by TCSPC measurements which enable to access the filling
effect of the first electrically excited state of Eu", proving that charge is transferred from
the ligands to higher excited states first. Finally, evaluating the light-matter interaction
and light emission from complexes in proximity to metal surfaces allows determining the
main quenching mechanism for luminescence of complexes on metal surfaces.

3.1 Experimental set-up

The experimental set-up used for investigating Eu®* complexes consists of the UHV set-up,
the y-STM and the optical set-up. This section provides details for each part, putting a
special focus on the optical set-up that was built on the basis of previous work.

3.1.1 UHV set-up

Imaging single molecules with an STM requires UHV conditions at low temperature. UHV
greatly reduces contamination from the atmosphere, while low temperature reduces the
thermal drift between tip and sample and drastically reduces diffusion of the molecule on
the surface. STM measurements are usually carried out at LHe temperatures of around 4.5
K. The UHV set-up (Fig. 3.1 a)) has been discussed in great detail already [59] and will only
be described briefly here. The set-up consists of three chambers separated by gate valves:
the load-lock, the preparation chamber, and the STM-chamber. A rotary vane pump cre-
ates a pressure of 1072 mbar. Turbomolecular pumps attached to each chamber reduce the
pressure to 107° mbar. Ion getter pumps attached to the preparation and STM-chamber
allow to maintain 107! mbar when switching off the turbomolecular pumps during STM
measurements. A titanium sublimation pump attached to the preparation chamber helps
to reduce residual gas. The cryostate attached to the STM-chamber freezes gas molecules,
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effectively also acting as a pump. After the set-up was vented for maintenance or repair,
the preparation and STM-chambers are baked at ~120 °C for around three days.

For transferring the sample between preparation and STM chamber, a stage attached to
a manipulator is used. The stage features a filament for annealing the sample with electron
bombardment. A sputter gun is also attached to the preparation chamber for cleaning the
sample (see section 3.2). A Kentax 3 cell evaporator is used for the thermal deposition of
molecules. It can be attached to the preparation chamber or the load-lock depending on
the experiment.

3.1.2 y-STM

An STM allows the imaging of nanostructures and investigation of their electronic proper-
ties. The home-built y-STM [58, 59] (Fig.3.1 b)) extents the possibilities of experiments
by enabling the interaction of light with the nanostructures inside the tunneling junction.
The y-STM features a mirror tip [58, 59|, microfabricated by direct laser writing (DLW)
[54-57]. The direct laser writing process was developed by the Wegener group. It is based
around the principle of polymerizing liquid resin with highly focused laser light, thus cre-
ating nanostructures. Since the material used for DLW is neither electrically conducting,
nor particularly reflective, the mirror tip is coated with chromium and silver by sublimation
in the load-lock. The mirror tip design features a parabolic mirror that incorporates the
STM tip (Fig.3.1 d)). This design increases the photon collection efficiency about an order
of magnitude [58] in comparison to conventional y-STMs using lenses to focus the light,
hence covering a smaller solid angle. The mirror tip is printed on a metal carrier disc that
is attached to a ferule (Fig. 3.1 c)). The end of the optical fiber has a corresponding counter
piece that allows to attach the mirror tip by using the friction between ferrule and counter
piece. A modified sample plate featuring magnets is used for exchanging the mirror tip in
the STM without opening the UHV system.

The body of the y-STM is based on the Pan design [116], the cryostate is based on the
design by Zhang et al. [117]. The sample can be moved by piezo elements in both horizontal
directions, while additional piezo elements enable the coarse motion of the scanner tube
in the vertical direction. The scanner tube itself is also made out of piezo elements that
control the fine motion of the tip which creates the STM topography image. The STM body
can be pressed against the cryostate to maximize thermal contact which is helpful to cool
down samples faster. Additionaly, fine copper wires transport heat between the cryostate
and the STM body. This way, the STM is thermally connected to the cryostate also during
scanning, when the STM body is suspended on springs to decrease vibrations.
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Figure 3.1: a) Render of the UHV set-up. b) Render of the y-STM body with sample and
mirror tip. ¢) Close-up render of the mirror tip printed on a metal disc with
ferrule attached to the glass fiber. d) SEM picture of a mirror tip with parabolic
mirror on the outside and STM tip on the inside. a), b) and d) are reprinted
from [58], with the permission of AIP Publishing.

3.1.3 Optical set-up for PL and TCSPC

The optical set-up for investigating the light emitted inside the tunneling junction [58, 59]
(Fig.3.3) was extended as part of this thesis to improve accessibility and flexibility and
enable time correlated single photon counting (TCSPC) measurements. While the previous
setup was based on the 300 mm cage system by Thorlabs, the improved setup is mounted on
an optical breadboard within a dark enclosure. A 9530 Series Pulse Generator by Quantum
Composers, Inc. sends a trigger signal to the light source. In this work, an Alphalas Picosec-
ond Laser Diode Driver PLDD-100M with a PICOPOWER-LD-375 laser diode (A = 375
nm, 30 ps, 1 W peak power) (Fig. 3.3, blue lines) was used. The light is then guided through
an optical fiber towards an array of lenses and filters. A replaceable filter ensures a narrow
wavelength range. The lenses focus the light through an opening in the off-axis parabolic
mirror onto an angled physical contact (APC) optical fiber that guides the light either into
the preparation chamber or the STM chamber in UHV. In the preparation chamber (set-up
A) two optical fibers are used, one for excitation and one for light collection. This reduces
auto-fluorescence from the glass of the optical fibers. In the STM chamber, either a mirror
tip (set-up C) or an optical fiber without mirror tip (set-up B) is used. Not using a mirror
tip increases light collection due to covering a larger solid angle. In this case, an empty
mirror tip carrier disc is attached to the metal ferrule of the glass fiber as a spacer and for
protecting the fiber from contamination. For set-up A, the PL response (red lines) is guided
towards the SPADs or towards the spectrometer with a mirror insert (iv). For set-ups B and
C, the PL response is reflected by the off axis parabolic mirror onto a motorized mirror (i).
The off-axis parabolic mirror was chosen over a dichroic beamsplitter to reduce the amount
of interfaces and increase collection efficiency. The PL light is guided through a longpass
filter by the off-axis parabolic mirror. The longpass filter blocks most of the signal in the
range of the exciting light. The motorized mirror allows to guide the light either towards
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the SPADS via a second mirror (ii) or towards the spectrometer. The motorized mirror fur-
thermore allows automatizing measurements by being able to switch between SPADs and
spectrometer electronically, but adjustment can be tedious. For this reason, a mirror insert
(iv) was used instead. A dichroic beamsplitter insert (iv) can also be used to measure PL
and TCSPC at the same time. However, this reduces the signal, and was therefore avoided.
The spectrometer consists of an Acton SP-2156 spectrograph with a diffraction grating with
300 grooves/nm? and a PyLoN 100 B CCD camera by Princeton Instruments. The SPADs
are two photon counting modules SPCM-AQRH-1/TR-BR1 from Ezcelitas (max. countrate
37 Mcps, 22 ns dead time) forming a HBT interferometer when used in combination with
a beam splitter. The HBT set-up reduces dead times, but for most experiments only one
SPAD is used for simplicity. Both SPADs are equipped with a motorized filter wheel. The
SPADs are connected to a qutag-standard time to digital converter from qutools. A high
frequency optical chopper (5 Hz - 110 kHz) from Edmund optics was added to the set-up
for discretizing the PL light, if needed.

For the first experiments, PL. measurements were carried out in atmosphere, but they were
soon moved inside the UHV set-up to avoid contamination and possible degradation by
oxygen and water. A PL set-up inside the preparation chamber was developed that allows
to measure PL of samples placed in the stage of the manipulator (Fig. 3.4 a)). This way, the
progress of our experiments was accelerated, because STM measurements could be carried
out in parallel. Furthermore, this PL set-up allowed to have two individual glass fibers for
excitation and light collection, which reduces autofluorescence. Developing this set-up was
an important step towards the understanding of molecular films on substrates and allowed
us to gain understanding in the impact of metallic vs. dielectric substrates on light emission.
Next to the PL set-up in the preparation chamber, PL. measurements can also be performed
inside the STM with or without the mirror tip (Fig.3.4 b)). Using the mirror tip focuses
the excitation light onto a small area and increases the Purcell factor for molecules within
the tunnel junction. However, for PLL measurements on films of several 10 ML, illuminating
a bigger area is advantageous. For this reason, an empty tip carrier disc with a hole of the
size of the glass fiber might be used. This empty disc acts as a spacer between fiber and
sample while also enabling tunneling for the approach. Approaching the glass fiber until
tunneling contact is reached ensures a reproducible fiber-sample distance.

Optical fibers are known to exhibit autofluorescence, which means their material is sus-
ceptible to being excited by the transmitted light to emit luminesce, itself. This undesired
signal has been a topic of research especially in the medical sector [118-120]. The autofluo-
rescence signal exited within the fiber is assumed to scatter uniformly forwards, i.e. towards
the sample and backwards, i.e. back towards the optical set-up. Therefore, when a single
optical fiber is used for excitation and light collection, as is the case for PL experiments
inside the STM, half of the autofluorescence signal goes towards the spectrometer or the
SPADs. Since emission from autofluorescence covers a large wavelength range, it cannot
entirely be blocked by a longpass filter. For this reason, the suppression of autofluorescence
by photo-bleaching is of interest for PL experiments. Silica fibers doped with Germanium
show a fast bleaching of the autofluorescence within the first few minutes [121] going down
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Figure 3.2: Normalized autofluorescence signal of the optical fibers with: a) a clean glass
sample (cyan) and a reference Eu*t PL signal (black) in the PL set-up with
two optical fibers in the preparation chamber at room temperature with a 525
nm longpass filter. A = 375 nm, f=50 MHz. b) A clean Ag(111) sample in
the PL set-up inside the STM at 4.5 K with a 400 nm longpass filter. The

autofluorescence signal decreases about 10 % within 10 min due to bleaching of
the optical fiber. A = 375 nm, excitation frequency = 50 MHz.

as much as 25 % within a few hours [122]. However, the bleaching of autofluorescence is
also known to recover with time [123] and temperature [124, 125].

The autofluorescence was measured for the PL set-up utilizing two fibers in the prepa-
ration chamber and for the PL set-up using the y-STM. In both cases a clean sample was
used as a reference and a pulsed laser with 375 nm running at 50 MHz used for excitation.
For the measurement in the preparation chamber, a clean glass sample was placed under-
neath the optical fibers. The response normalized to its maximum is shown in Fig. 3.2 a). A
longpass filter suppresses most of the excitation light and part of the PL signal. The spec-
trum is not smooth but shows some characteristic shoulders. While Eu** contamination
within the UHV system cannot be excluded with certainty, the signal of the clean sample
does not seem to match with the overlaid Eut spectrum. The features of the spectrum
might therefore be intrinsic to the sample or the fibers but was not investigated in detail.
For the measurement in the y-STM a clean Ag(111) sample was placed underneath the
optical fiber with an empty tip carrier disc installed. The PL signal was measured at an
excitation wavelength of 375 nm with a frequency of 50 MHz. A 400 nm longpass filter was
usually used to suppress the excitation light. The time resolved PL signal shows a reduction
in intensity of about 10 % during the measurement period of 10 min (Fig. 3.2 b)) which is
attributed to a bleaching of the optical fiber. A possible bleaching of the glass sample is
considered negligible, given that the optical fiber consists of a lot more fluorescing material.
It has a length of approximately 2 m while the glass substrate has a thickness of 1 mm. The
autofluorescence signal depends greatly on the exact position and orientation of the optical
fiber towards the sample. It is therefore not possible to simply subtract the reference signal
of the clean sample from the PL signal of interest. For this reason, the autofluorescence
background was subtracted in this work by fitting a suitable spline [126].

TCSPC measurements rely on the principle of measuring the time difference between the
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Figure 3.3: Schematic drawing of the optical set-up. The Quantum composer sends a trigger
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signal to the pulsed laser (375 nm, 30 ps) represented by blue lines. The light is
guided through an off-axis parabolic mirror with an opening and coupled into an
optical fiber leading either inside the preparation chamber or the STM chamber
in UHV. The set-up in the preparation chamber features two optical fibers (set-
up A). In the STM chamber either a glass fiber (set-up B), or a mirror tip (set-up
C) can be used. For set-up A, the PL response (red lines) is guided towards the
SPADs or towards the spectrometer using a mirror insert (iv). For set-ups B
and C, the PL response is reflected by the off-axis parabolic mirror either onto
a motorized mirror (i), followed by a second mirror (ii) towards the SPADs or,
when the motorized mirror clears the path, towards the spectrometer. Instead
of using the motorized mirror, the PL response from set-up B and C can also
be guided towards the SPADs by a mirror insert (iv), when automization by
the motorized mirror is not needed. The PL light can be divided between both
SPADs with a dichroic beam splitter insert (iii). Filter wheels in front of both
Spads allow to detect the PL response at different wavelengths. A chopper wheel
was implemented for discretizing the PL response, if needed.
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Figure 3.4: a) Picture of the PL setup inside the preparation chamber. Two optical fibers
are positioned above a sample, one fiber guides the light for excitation towards
the sample, the other fiber collects the PL response. b) Picture of the tunneling
junction inside the STM which is also used for PLL measurements. The tip carrier
disc is positioned above the sample. Either an empty carrier disc or a mirror tip
is used.

excitation pulse and the PL response (Fig.3.5 a)). The pulse generator sends a trigger
signal to the laser diode driver and to the time to digital converter. The latter acts as a
reference start signal to calculate the time difference. The laser diode driver controls the
laser diode which emits an excitation pulse after receiving the trigger signal. Several laser
pulses require several trigger pulses. The light pulses are guided towards the sample which
in turn responds with the PL signal that is detected by the SPAD. The SPAD then sends
out an electric signal to the time to digital converter which creates a time stamp for each
signal received from the SPAD on one input or the reference signal on the other input.
The TCSPC experiment consists of many measurement periods (Fig.3.5 b)). In the most
simple picture, a single light pulse (blue) is sent towards an individual molecule that emits
a photon (orange) after a certain time. In the case of the spontaneous emission of a pho-
ton, the time difference between excitation and response will be exponentially distributed.
Repeating this process of excitation and detection many times leads to a histogram that
describes the statistics of detecting a photon within a time interval after excitation. The
spontaneous emission of light from an excited molecule is described by an exponential de-
cay (see section 2.3). The thus obtained decay constant defines the observed lifetime which
is a property that strongly varies depending on the local chemical and physical environment.

In this work, PL was always measured on more than one molecule. If several decay processes
from different initial states contribute to the PL response, a multiexponential decay is
observed in the TCSPC measurement. This is for example the case, when there are different
species of light emitting molecules, different environments or orientations of one species. In
Eu?* the main emission bands originate from the > Dy — 7F); transition. This does, however,
not mean that the ligands transfer their energy directly to the ?Dy state. A filling effect
is observed when the decay of the °Dj state is tracked [112, 115, 128-130], which means
the PL response is not most intense right after excitation, but increases with time before
the exponential decay sets in. This energy transfer time is often called rise time. It will
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Figure 3.5: a) Wiring scheme of the TCSPC measurement. The pulse generator simultane-
ously sends a trigger signal to the laser diode driver and a reference signal to
the time to digital converter. The laser diode sends out a light pulse for each
trigger input. The light is guided to the sample for exciting PL. The PL response
is then guided towards the SPAD. The SPAD sends an electrical pulse to the
time to digital converter for each detected photon. The time difference between
reference signal and detected photon is then calculated. b) For each period, the
time difference between the excitation light and the PL response is measured.
When the light emitting state is not directly excited by the excitation light, the
histogram of the PL response first rises and then declines exponentially with
time. After [127].
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be shown in section 3.6.5 that the rise time of Eu®t complexes does not correspond with
energy transfer from the ligands to the Eu" but with the decay of the higher excited state
°D; of the Eu®* ion itself. The energy is therefore not transferred from the ligands to the
°Dy state directly.

3.2 Sample preparation

Investigating molecules with an STM requires depositing them on a substrate that is flat and
clean at the atomic scale. In this thesis, the substrate for STM measurements consists of a
single crystal of either Ag(111) or Au(111) purchased from MaTeck with a purity of 99.999
% polished to a roughness <0.01 pm with orientational accuracy < 0.1°. The procedure for
cleaning the substrate and the different methods used for depositing molecules are described
in the following paragraphs.

3.2.1 Substrate cleaning

Before depositing molecules on the substrate, it has to be cleaned which means molecules
that were deposited before have to be removed via sputtering. In this case, sputtering
refers to the process of bombarding the substrate with Ar™ ions with an energy of 1.5 keV
for 15-20 min which removes any molecules adsorbed to the surface as well as the upper
most layers of the substrate itself. The bombardment with Ar™ ions leaves craters on the
surface. Annealing the substrate leads to a relaxation of the atoms into the crystal lattice,
therefore creating flat terraces of several hundred nanometers. Annealing also enhances the
diffusion of impurities from the bulk to the surface. For Ag(111) and Au(111) the annealing
temperature is set to 600 °C for 5-10 min. Usually three repetitions of sputtering and
annealing are sufficient to achieve a clean substrate.

3.2.2 Thermal sublimation of molecules

Thermal sublimation offers a finely controllable method for depositing molecules. The molec-
ular material is filled into a crucible that is heated in UHV. A comercially available Kentax
3-cell evaporator is used for sublimation. The evaporator features three crucibles that can
be heated independently or in combination. A shutter in front of the crucibles ensures
precise control over the deposition time while a water cooling line prevents the neighboring
crucibles from heating up. Enabling the precise control of the deposition was done as part
of this thesis. For this reason, a quartz crystal microbalance was added to the manipulator
head in the preparation chamber. The quartz crystal microbalance allows to monitor the
deposition rate by measuring the shift of the eigenfrequency of an oscillating quartz crystal
when material is deposited. While this is a commonly used technique, its implementation
was not straight forward. Positioning the quartz crystal microbalance at the manipulator
head allows to quickly change between depositing on the quartz crystal microbalance and
depositing on the substrate. However, this position requires approximately 2 m of wiring
which easily catches interference signals and increases the impedance. An even bigger prob-
lem are vibrations transmitted through the manipulator to the quartz crystal microbalance,
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especially when the turbo molecular pump is running. For this reason, and also to avoid
contaminating the preparation chamber with the evaporated material, the evaporator and
the quartz crystal microbalance were moved to the load-lock which allows short wires and
a sturdier mounting.

Even when utilizing a quartz crystal microbalance, finding the right temperature for sublim-
ing organic complexes is challenging. Below the sublimation temperature of the complexes,
fragments and impurities will degas that show up as a signal in the quartz crystal mi-
crobalance which can lead to misinterpretations. At temperatures above the sublimation
temperature, the complexes might start to decompose. Distinguishing these three regions is
often not obvious. It was found that the quartz crystal microbalance indicates a deposition
when the crucible is heating up, even when the shutter is closed. The shutter is a metal
plate that does not seal the crucibles tightly but simply blocks the direct path of evapo-
rating material. When the quartz crystal microbalance signal is not conclusive, increasing
the temperature step-wise while monitoring the pressure can be helpful for finding the right
sublimation temperature. When material starts to sublime, the pressure will usually in-
crease at least one order of magnitude. For this thesis, it was essential to not only sublime
molecules in a sub-monolayer coverage which is often sufficient for STM, but to deposit thin
films of molecules onto the substrate with controlled thickness (see section 3.6.6). This was
done by heating the crucible up to 10-20 °C less than the sublimation temperature first.
When the shutter is closed, the deposition rate should be zero. This is often not the case
for freshly filled crucibles that then require degassing for ~10 h. When opening the shutter,
there should be a significant change in the deposition rate. This change is usually already
present below the sublimation temperature but with lower deposition rate. The deposition
rate itself heavily depends on the history of the crucible. Newly filled crucibles should not
only be degassed at temperatures below the sublimation temperature but also kept at sub-
limation temperature for some time before preparing a sample. The deposition works best,
i.e. in the most controlled manner when the crucible has already been used many times for
preparing a sample. There is a sweet spot after filling a crucible where the deposition rate
is stable over a long period of time and for many sample preparations, even after exposure
to atmosphere. After filling the crucible, the deposition rate is unstable and can be so high
that no controlled deposition is possible. After sufficient degassing, controlled deposition is
possible, but at some point the material in the crucible is exhausted. The deposition rate
then decreases significantly.

A changing appearance of the material inside the crucible is often observed in betadike-
tonate based Eu®" complexes. The molecules start as a white or yellow powder or crumbs.
If the material is available as crumbs after synthesis is should be preferred for sublimation
and not milled into a powder. Powder is more susceptible to absorb contamination from
atmosphere and milling might damage the molecules. Upon heating the crucible the ma-
terial starts to change its appearance. It starts to melt and forms a solid plug of brown
to black color at the bottom of the crucible. The walls of the crucible are coated with
yellow to brown residue. This residue also appears on the closed shutter after sufficient
evaporation/degassing and is believed to consist of intact complexes. When the material is
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exhausted, it leaves behind a dark coal like plug in the crucible with hardly any yellow or
brown residue. This was not observed for trensal based complexes.

The sublimation of trensal based complexes proved even more difficult. For most com-
plexes, it was not possible to obtain a conclusive signal in the quartz crystal microbalance.
For this reason, vacuum spray deposition was mostly preferred.

3.2.3 Vacuum spray deposition

While sublimation allows to precisely control the deposition by adjusting the temperature
of the crucible and the deposition time, it is not suitable for all molecules. Some molecules
might decompose before sublimating. In this case, vacuum spray deposition might be used
[131, 132]. For this method, the material is dissolved and the solution is sprayed onto
the substrate. Spraying is done by placing the substrate underneath a pinhole opening in
the load-lock. A second pumping stage (~1072 mbar) between the pinhole opening and
the load-lock reduces contamination by atmosphere. The solution is then placed onto the
opening with a capillary. The vacuum spray deposition is usually followed by an annealing
step to facilitate diffusion and reduce remains of the solvent.

3.2.4 Overview of Ln complexes and ligands

This section provides an overview of the ligands and Eut complexes investigated in this
thesis. The ligands as shown in Fig. 3.6 are:

« bpy [52, 91, 92, 105-110, 133]:
2,2’-bipyridine

. tta [52, 92, 105 107, 133]:
1-(2-Thenoyl)-3,3,3-trifluoroacetone

« btfa [52, 91, 108-110, 133]:
1-Phenyl-3,3,3-trifluoro-2,4-pentanedione

2,2'-bipyridine Thenoyltrifluoroacetone  Benzoyltrifluoroacetone
(bpy) (tta) (btfa)
g
S
7 N\ _¢/ \ 0] o)
=N N= <: <:
o) o)
FaC FaC

Figure 3.6: Structure drawings of antenna ligands.
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The complexes as shown in Fig. 3.7 are:

[Eu(tta)s(bpy)] [92, 105, 133, 134]:
Europium, (4,4-bipyridine-xNy) tris[4,4,4-trifluoro-1-(2-thienyl)-1,3-butanedionato-
:‘iol,liOg]—(ACI)

[Eu(btfa)s(bpy)] [91, 108, 109, 133]:
Europium, (2,2-bipyridine-xNy,xN) tris(4,4,4-trifluoro-1-phenyl-1,3-butanedionato-
kO01,k03)-, (SA-8-11221323)- (ACI)

[Eu(tta)s(H,0)] [42, 95, 111, 112, 135]:
Europium, diaqua tris[4,4,4-trifluoro-1-(2-thienyl)-1,3-butanedionato-xO;,kO3]-(ACI)

[Eu(trensal-Ph-SMe)]|:
Europium, [[4,4,4-[nitrilotris[2,1-ethanediyl(nitrilo-xN)methylidyne||tris[4-(methylthio)
[1,1-biphenyl]-3-olato-xO]|(3-)]-, (OC-6-22)- (ACI)

[Eu(trensal)] [113, 136-139:
Europium, [[2,2,2-[(nitrilo-xN)tris[2,1-ethanediyl(nitrilo-N)methylidyne]||tris
[phenolato-x0]](3-)]-, (OCF-7-3-212121)- (9CI, ACI)

[Eu(trensal-O-Bn)]:
Europium, [[2,2,2-](nitrilo-xN)tris[2,1-ethanediyl(nitrilo-xN)methylidyne||tris
[4-(benzyloxy)phenoxy-xO]]-, (OC-6-22)- (ACI)

[Eu(TACN)]:
Europium, (1,4,7-triazacyclononane-x3N) tris(-diketonato-x20,0)-, (0C-9-33)- (ACI)

[Tb(TACN)]:
Terbium, (1,4,7-triazacyclononane-x>N) tris(-diketonato-x20,0)-, (OC-9-33)- (ACI)

[Eu(tta)s(bpy)] was synthesized by Dr. Julia Feye from the group of Prof. Peter W. Roesky
at the Institute of Inorganic Chemistry (KIT). [Eu(btfa)s(bpy)] and [Eu(tta)s;(HoO)s] were
synthesized by Dr. Barbora Brachnakova and Dr. Senthil Kumar Kuppusamy from the
group of Prof. Mario Ruben at the Institute of Nanotechnology (KIT). [Eu(trensal-Ph-
SMe)], [Eu(trensal)], [Eu(trensal-O-Bn)], [Eu(TACN)] and [Tb(TACN)] were synthesized
by Lisa Biener and Timo Neumann from the group of Prof. Michael Seitz at the Institute
of Inorganic Chemistry (University of Tuebingen).
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Figure 3.7: Structure drawings of Ln complexes used in this work.
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3.3 STM topography of betadiketonate complexes

While STM topography offers the possibility to create an image of the adsorption of molecules
on the surface of the substrate, identifying the molecules is still challenging. In the best case,
the molecules have a distinct shape and adsorb on the substrate with a preferred orientation.
Objects with the same shapes are then present in the STM image. A deviating shape is
taken as an indication for a different orientation or a different type of molecule. A different
type of molecule could be introduced by impurities or contamination already present in the
material used for sublimation, or contamination within the vacuum chamber. Contamina-
tion can also arise when the sample is kept exposed in the chamber at low temperatures, e.g.
in the precooling stage. Furthermore, molecules can dissociate when adsorbing on the metal
surface [140] or due to the sample preparation method. Sublimation introduces energy into
the material in the form of heat which can break bonds. Vacuum spray deposition requires
to dissolve the material which not only introduces contamination from the solvent but the
interaction with the solvent can also lead to dissociation. Both cases lead to fragments
detaching from the molecule and potentially adsorbing on the substrate.

A comparison with literature of STM or AFM images of the same or similar molecules
can be helpful to obtain information about what characteristic to expect. The approximate
size of the molecules can be estimated from the molecular structure, however the actual size
in STM can vary since it depends heavily on the exact adsorption and atomic forces and
STM data also includes information about the density of states, not just the physical size.

[Eu(btfa)s(bpy)], [Eu(tta)s(bpy)] and [Eu(tta)s(H20)s] were chosen as a starting point for
experiments because they are well known in literature (see section 3.2.4). [Eu(btfa)s(bpy)]
and [Eu(tta)s(bpy)| share the bpy ligand, while [Eu(tta);(bpy)] and [Eu(tta)s;(H20O)s] share
the tta ligand. These similarities allow to compare their opto-electronic properties by deter-
mining the impact of different ligands. To investigate these properties, the sample prepara-
tion process had to be established first by checking the adsorption of the complexes on the
substrate with STM topography.

Estimating the intactness and adsorption of [Eu(btfa)s(bpy)], [Eu(tta)s(bpy)] and
[Eu(tta)s;(HoO)s] with STM proved difficult. These complexes have C1 symmetry, with
ligands of similar size and shape which makes it particularly difficult to obtain information
from STM. STS can offer another point of reference for orientation and composition of the
molecules. However, in practice performing STS on organic complexes is challenging, since
they are usually not strongly adsorbed on the surface and can thus move when sweeping
the bias at higher voltages which is necessary for spectroscopy measurements. The weak
adsorption can also lead to molecules sticking to the tip which changes its density of states
and therefore also the dI/dV curve. To successfully perform STS measurements, the dI/dV
signal of the molecule has to be compared to the dI/dV signal on the clean substrate, going
back and forth, in order to identify spectroscopic features intrinsic to the molecule. There-
fore, STS did not prove a feasible way for reliably distinguishing molecules on the surface.
When using only STM topography, reappearing shapes and patterns driven by self-assembly
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processes might be considered to be formed by the same type of molecule oriented in a spe-
cific way. We found patterns formed by self-assembly for all three complexes that were
attributed to the composition of their ligands [52]. However, in further experiments, these
patterns turned out to be formed by the ligands alone.

Before the quartz crystal microbalance was implemented in the sample preparation set-
up which allows to monitor the deposition rate while subliming material, the sublimation
temperature of [Eu(tta)s;(bpy)] and [Eu(btfa)s;(bpy)] was estimated by step wise increasing
the temperature until the pressure in the chamber increased significantly. Material was then
deposited on a clean glass substrate for more than 30 min and the thus prepared sample
checked for the typical Eud" PL spectrum. The growth and thickness of these samples was
unknown but the thick layer of deposited material was visible by eye and therefore consid-
ered as bulk. The PL spectra proved that sublimation is a suitable method for preparing
light sensitive samples. The PL spectra and lifetimes of these bulk samples will be shown
in section 3.6.1. While this method of sample preparation was successful and could also
be used to prepare samples for STM measurements, the interpretation of the STM data
was challenging. [Eu(tta)s(bpy)] and [Eu(btfa)s(bpy)] samples prepared at 160 and 150°C
respectively, showed the self-assembly of small uniform molecules. After adding the quartz
crystal microbalance and monitoring the deposition rate, the temperature for sublimation
was increased to 185°C. As it turned out, the molecular material requires purification by
keeping the crucible at 150 °C for ~ 10 h to get a reliable deposition rate and clean samples
as will be shown in the next paragraphs. [Eu(tta);(H20)s] was deposited using vacuum
spray deposition due to an expected cleaving of the water ligands upon sublimation.

3.3.1 Sublimation of [Eu(tta);(bpy)] and [Eu(btfa);(bpy)] at
temperatures < 185°C

[Eu(tta)s(bpy)] was sublimed onto clean Au(111) at a crucible temperature of 160°C for
3 min. In the STM topography of this sample, we observed a sub-monolayer coverage of
molecules following the herringbone reconstruction (Fig. 3.8 a)). The molecules are homo-
geneously distributed on the surface with uniform shapes and sizes. The molecules tend to
align in chains, roughly following the herringbone template (Fig. 3.8 b)). The periodicity of
these chains was determined with a height profile to 0.65 nm (Fig.3.8 ¢)). The molecules
have a distinct shape of two lobes with a nodal plane in between which becomes apparent in
STM images of single isolated molecules (Fig.3.8 d)). Here, also the different orientations
of these molecules are distinguishable. The apparent height of a single isolated molecule
was determined and the cross-section fitted with a double gaussian (Fig. 3.8 ¢)). The thus
determined center to center distance is 0.67 nm. These results were published in [52].

[Eu(btfa)s;(bpy)] was sublimed onto clean Au(111) at a crucible temperature of 150°C for
3-5 min depending on the desired coverage. At a coverage close to 1 ML, the molecules
start to form chains with short range order (Fig. 3.9 a)) similar to what we observed for the
[Eu(tta)s(bpy)] sample, but with a weaker template effect by the herringbone reconstruction.
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Figure 3.8: STM topography of the self-assembly of ligands and Eu®* complexes on
[Eu(tta)s(bpy)] samples on Au(111) after sublimation at 160°C. a) Ligands
adsorbed on the Au(111) surface following the herringbone template at sub-
monolayer coverage. (1.0 V, 4 pA). b) Close-up view of ligands forming chains
with ¢) cross-section. (1.0 V, 4 pA). d) Close-up view of single ligand molecules
with different orientations (1.0 V, 4 pA). e) Cross-section of a single molecule,
fitted with a double gaussian and center to center distance. (1.0 V, 4 pA).
Adapted from [52].

At a coverage above 1 ML, the molecules form a large scale lattice with bigger agglomerates
on top of the lattice (Fig.3.9 b)). The lattice directions as indicated by the red arrows,
follow the (112) and (121) directions of the Au(111) surface. At the mirror axis of the
Au(111) surface, a domain boundary was observed as indicated by the black circle. Since
the packing of the molecules is less dense at the domain boundaries, the second layer of
molecules preferably nucleates there. However, a domain might also stretch over the mirror
axis, breaking the Au(111) symmetry, which indicates high mobility of the molecules and
a strong inter molecular interaction. A close-up STM topography image of the lattice is
shown in Fig.3.9 ¢). The unit cell is represented by the unit cell vectors as indicated by
the red arrows. The unit cell was determined to 1.2nm? containing two molecules. On
samples with low coverage, the motif of single molecules is apparent (Fig.3.9 d)). Similar
to [Eu(tta)s(bpy)], it can be identified as two lobes with a nodal plane. At low coverage,
these molecules nucleate at the elbows of the herringbone reconstruction with preferred
orientation perpendicular to the mirror axis. The inset in Fig.3.9 d) shows three single
molecules with different orientations. The cross-section of a single molecule was fitted with
a double gaussian and the center to center distance determined to 1.03 nm (Fig.3.9 e)).
These results were published in [52].

As shown in the previous paragraphs, elongated molecules consisting of two lobes with a
dark nodal plane are present on the samples of [Eu(tta)s(bpy)] and [Eu(btfa)s(bpy)] sub-
limed at 160 and 150°C, respectively. These molecules show the tendency to align into
chains with short range order, and in the case of [Eu(btfa)s(bpy)] to form a lattice with
large scale order. However, on the sample of [Eu(btfa)s;(bpy)], with coverage above 1 ML,
there are also larger agglomerates in the second layer. Bipyridine, a ligand moiety present
in [Eu(tta)s(bpy)] and [Eu(btfa)s(bpy)], is known to form lattices with large scale order on
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Figure 3.9: STM topography of the self-assembly of ligands and Eu?™ complexes on
[Eu(btfa)s;(bpy)] samples on Au(111) after sublimation at 150°C. a) Ligands
aligning in chains on Au(111) at sub ML coverage. (-0.4 V, 5 pA). b) Overview
of near perfect lattice formation with large scale order on Au(111) at above ML
coverage. Different domains are indicated by red arrows, the domain boundary is
indicated by the black circle. (2.5 V, 5 pA). ¢) Close-up view of lattice formation
on Au(111) with unit cell indicated by red arrows. The unit cell size is 1.2 nm?
(-3.0 V, 100 pA). d) Molecules adsorbed at the herringbone elbows with inset
showing molecules with different orientations. (-3.0 V, 1 pA). e) Cross-section
of a single molecule with double gaussian fit and center to center distance. (-3.0
V, 100 pA). Adapted from [52].

metal substrates. While these lattices are similar in appearance to what I observed, they
were reported to depend heavily on the sample preparation method. STM topography of
bpy samples prepared in electrolyte solution on Au(111) shows a strong substrate poten-
tial dependence and voltage controlled phase transition [141, 142]. To further back up the
assumption that most molecules on the substrate are not intact complexes but fragments,
btfa molecules were sublimed onto clean Au(111) at a crucible temperature of 155°C for
2.5 min. This resulted in a coverage of about 1 ML of evenly distributed molecules without
distinguishable shape or orientation (Fig.3.10).

It is reasonable to assume that the lattice observed on samples of [Eu(btfa);(bpy)] and
the chains with short scale order on samples of [Eu(tta)s;(bpy)] are not formed by intact
molecules but by fragmented ligands. This assumption is verified by the STM images of
[Eu(tta)s(bpy)] and [Eu(btfa)s(bpy)] sublimed at an elevated temperature of 185°C as will
now be shown.
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Figure 3.10: STM topography of btfa molecules on Ag(111) at coverage close to 1 ML. a)
Large scale overview. (2.0 V, 10 pA). b) Close-up view. (2.0 V, 10 pA).

3.3.2 Sublimation of [Eu(tta);(bpy)] and [Eu(btfa);(bpy)] at 185°C

[Eu(tta)s(bpy)] was sublimed onto Au(111) at a an elevated crucible temperature of 185°C
for 10 s while cooling the substrate to -75°C. In the STM image, there are big clusters
of molecules on top of smaller unordered molecules (Fig.3.11 a)). The apparent height of
those clusters ranges between 5 A and 10 A. The sublimation of [Eu(tta)s(bpy)] on Ag(111)
at 185°C for 10 s resulted in a coverage above 1 ML with a large scale lattice formation and
bigger agglomerates on top (Fig.3.11 b)). This self-assembly process has a similar charac-
teristic to what was observed on samples of [Eu(btfa);(bpy)] after sublimation at 150 °C.
A close-up STM topography image of the lattice is shown in Fig.3.11 ¢). The unit cell
as indicated by the unit cell vectors in red is similar to the unit cell of the lattice on the
[Eu(btfa)s(bpy)] sample sublimed at 150°C. The former has a size of 1.15nm? while the
latter has a size of 1.2 nm? with two molecules per unit cell each. The different appearances
of the lattices can be attributed to the different scan parameters and tip configurations.

The sublimation of [Eu(btfa)s(bpy)] on Ag(111) at a crucible temperature of 185°C for 1
min resulted in a homogeneous coverage close to 1 ML (Fig.3.12 a)). In most areas, there
is a short scale order of molecules aligning laterally. Furthermore, there are some domains
of lattice formation. A close-up STM topography image of this lattice is shown in Fig. 3.12
b). The unit cell size is 3.73 nm? for one entity per unit cell and therefore bigger than
the unit cells of [Eu(btfa)s;(bpy)] after sublimation at 150°C and of [Eu(tta)s(bpy)] after
sublimation at 185°C. It is difficult to determine whether the objects forming the lattice
consist of single molecules or clusters but a direct comparison with the [Eu(btfa)s(bpy)]
sample sublimed at 150°C (Fig. 3.9 c¢)) emphasizes the difference in shape and size.
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Figure 3.11: STM topography of [Eu(tta)s(bpy)] complexes and ligands on Au(111) and
Ag(111) after sublimation at 185°C. a) STM topography of larger clusters
of molecules on the Au(111) surface and on top of unordered ligands after
sublimation at 185°C with cross-sections. (2.0 V, 10 pA). b) Overview of
above ML amount of ligands forming a lattice on Ag(111) with agglomerates
on top. (2.0 V, 10 pA). ¢) Close-up view of lattice formation on Ag(111) with
unit cell indicated by red arrows. The unit cell size is 1.15 nm?. (2.0 V, 1 pA).

[Eu(btfa)s(bpy)]

Figure 3.12: STM topography of [Eu(btfa)s(bpy)] complexes and ligands on Ag(111) after
sublimation at 185°C. a) Overview of ligands with coverage close to 1 ML with
some lattice formation. (2.0 V, 10 pA). b) Close-up view of lattice formation

with unit cell indicated by red arrows. The unit cell size is 3.73 nm?. (2.0 V,
10 pA).
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3.3.3 Sublimation of [Eu(tta);(bpy)] and [Eu(btfa);(bpy)] at 185°C
after purification

On the samples of [Eu(btfa);(bpy)] and [Eu(tta)s(bpy)] sublimed at intermediate temper-
atures, small molecules showing strong self-assembly behavior are present, that can be
identified as ligands, i.e. fragments of the Eu** complexes. On the samples sublimed at
185°C, these ligands are still present. On the [Eu(tta)s;(bpy)] samples with coverage above
1 ML they form a base layer, sometimes unordered, sometimes as a lattice, in both cases
with larger agglomerates on top. On the [Eu(btfa);(bpy)] sample with coverage close to 1
ML, they show short scale order and highly ordered domains. Adding the quartz crystal
microbalance and monitoring the deposition rate revealed the importance of purifying the
material in the crucible by keeping it at intermediate temperatures for several hours to get
rid of any contaminations and fragments, as will be discussed in the next paragraph.

The base layer of ligands on the sample can be avoided, when the material in the cru-
cible is kept at 150°C for ~ 10 h. While subliming at this intermediate temperature was
also successfully used for preparing samples that showed a strong Eu®" PL signal (see sec-
tion 3.6.1) which proves the presence of Eu*™ complexes in the film, there are mostly ligands
sublimed as is evident from the STM topography images. Subliming the ligands against the
shutter of the evaporator purifies the material which allows to prepare cleaner samples when
the sublimation temperature of the complexes is chosen higher around 185°C. Fig.3.13 a)
shows a sample of [Eu(tta)s;(bpy)] prepared after keeping the crucible at 150°C for about
10 h to get rid of fragments of the complexes. [Eu(tta);(bpy)] was then sublimed at 185°C
for 10 s onto Ag(111) at room temperature. There is no base layer of ligands and the
molecules are distributed in flat islands with a height of ~ 3 A. Subliming [Eu(tta)s(bpy)]
onto Au(111) at 185°C for 15 s after the crucible was kept at 150°C for ~ 10 h results in
smaller molecules evenly distributed on the surface (Fig.3.13 b)). Their apparent height
as shown in the close-up view with cross-sections (Fig.3.13 ¢)) is slightly larger than the
apparent height of the single ligand molecules.
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[Eu(tta)s(bpy)]
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Figure 3.13: STM topography of [Eu(tta)s(bpy)] complexes and ligands on Au(111) and
Ag(111) after sublimation at 185°C and degassing the crucible at 150 °C for ~
10 h. a) Molecules on Ag(111) at submonolayer coverage with cross-sections.
(2.0 V, 10 pA). b) Molecules on Au(111) at submonolayer coverage. (2.0 V, 1
pA). ¢) Close-up view of molecules on Au(111) with cross-sections. (2.0 V, 1

pA).

3.3.4 Vacuum spray deposition of [Eu(tta);(H20)]

[Eu(tta)s(H20)o] was deposited onto clean Au(111) via vacuum spray deposition from a
dichloromethane solution with a concentration of 1 mg/ml with subsequent annealing to
approximately 100°C for 2 min in UHV conditions. Spray deposition was preferred over
sublimation, because of the reported cleaving of HoO groups in [Dy(tta)s;(H20)s] due to
heating in UHV conditions [143]. The spray deposition leads to a sub monolayer cover-
age of molecules aligning in highly ordered islands, as well as unordered agglomerates of
molecules (Fig.3.14 a). The islands follow the herringbone reconstruction, preferably nu-
cleating at the pinched elbows where the fcc domain is maximized, perpendicular to the
mirror axis. The agglomerates nucleate at the bulged elbows of the herringbone recon-
struction. The preferential nucleation of molecules on different domains of the herringbone
reconstruction is well documented in literature [144-148]. The islands have an apparent
height of 1.5 A(Fig.3.14 b). Since spray deposition leads to an inhomogeneous distribu-
tion of molecules on the sample, a different nucleation characteristic can be found on an-
other spot on the sample (Fig.3.14 c¢). Here, the molecules do not form islands and the
template effect by the herringbone reconstruction is more pronounced. Some molecules
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align in chains with short range order (Fig.3.14 d) with a periodicity of 1.22 nm (Fig. 3.14
e). This is different to the periodicity of 0.65 nm of the molecular chains observed for
[Eu(tta)s(bpy)]. The cross-section of a single molecule was fitted with a double gaussian
and the center to center distance thus determined to 0.49 nm (Fig. 3.14 f). The comparison
with [Eu(btfa);(bpy)] and [Eu(tta)s(bpy)] suggests that the highly ordered islands and the
chains with short range order on the [Eu(tta)s(H20)s] sample consist of ligands while the
bigger agglomerates might be composed of intact complexes. The differences in the center
to center distances on single molecules between all three complexes and the difference in the
periodicity of molecular chains on [Eu(tta)s;(bpy)] and [Eu(tta);(H20)s] samples cannot be
explained entirely. It can be speculated that the isolated molecule on the [Eu(tta)s;(bpy)] and
[Eu(tta)s;(H20)s] sample is a tta ligand, while on the [Eu(btfa);(bpy)] sample it might be a
btfa or bpy ligand. This could explain the similar values of the center to center distance on
the [Eu(tta)s(bpy)] and [Eu(tta);(H20)s] samples of 0.67 and 0.49 nm and the larger value
of 1.03 nm on the [Eu(btfa);(bpy)]sample. However, all three ligands, tta, btfa and bpy
are similar in size and the center to center distances were measured with different tunneling
parameters. The difference in the periodicity of molecular chains on the [Eu(tta)s(bpy)] and
[Eu(tta)s;(Ho0)s] samples might be due to different packing perhaps influenced by the dif-
ferent sample preparation procedures.

[Eu(tta)s(H,0).]

TR

o . 10 20
Distance (nm)

Distance (nm)

Figure 3.14: STM topography of the self-assembly of ligands and Eu?* complexes on
[Eu(tta);(H20)y] samples. a) Molecules adsorbed on Au(111) at sub-monolayer
coverage. Molecules form highly ordered islands and clusters. (-2.6 V, 2 pA). b)
Cross-sections of 3 islands. ¢) Molecules following the herringbone reconstruc-
tion on a less ordered location on the sample. (1.0 V, 4 pA). d) Close-up view
of molecules aligning in short chains. (2.0 V, 4 pA). e) Cross-section of a chain
of molecules. (2.7 V, 4 pA). f) Cross-section across an individual molecule. (2.0
V, 4 pA.). Adapted from [52].
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3.3.5 Summary and discussion

The STM data shown here demonstrate the delicateness of preparing clean Eu® samples. It
is shown that fragments can easily be confused with intact complexes in STM images. While
the origin of those fragments cannot be determined with certainty, they are believed to be
present already in the molecular material before sublimation or arise from fragmentation by
heating [143], which explains why extended degassing at intermediate temperatures results
in cleaner samples and a conclusive quartz crystal microbalance signal. The comparison of
[Eu(tta)s(bpy)] sublimed onto Au(111) and onto Ag(111) suggests that significant fragmen-
tation might also arise from the interaction with the substrate [140]. It is not possible to de-
termine those fragments with certainty. While the lattice formation observed on samples of
[Eu(tta)s(bpy)] and [Eu(btfa)s(bpy)] is similar to the self-assembly reported for bipyridine,
a ligand present in both complexes, chains of molecules with short range order were found on
sample of [Eu(tta)s;(bpy)], [Eu(btfa)s(bpy)] and [Eu(tta);(H20)s]. [Eu(tta)s;(H20)s] lacks
bipyridine but contains tta, a ligand it shares with [Eu(tta)s;(bpy)] and which is similar in
structure to btfa contained in [Eu(btfa);(bpy)]. This suggests the presence of not only frag-
mented bipyridine but also of tta and btfa ligands on the sample. These molecules might
show similar self-assembly driven by the 7t-7t interaction of their phenyl moieties.

To obtain clean samples without a majority of molecules being fragments, sufficient de-
gassing at intermediate temperatures is necessary, as was shown by STM images of
[Eu(btfa)s(bpy)] and [Eu(tta)s(bpy)] samples prepared by subliming the material at temper-
atures below 185°C and at 185 °C without extended degassing, resulting in a high coverage
of ligands on the sample exhibiting strong self-assembly. This base layer of ligands is no
longer present, when the material was purified as demonstrated by the STM images of a
[Eu(tta)s(bpy)] sample prepared at 185°C after degassing the material inside the crucible.

A thorough control of the deposition process by monitoring the pressure, deposition rate
and changes of the sublimed material, supplemented by comparison with literature is crucial
to prepare clean samples with a controlled thickness. The sample preparation process as
established in this work therefore allows investigating the opto-electronic properties of Ln
complexes.

3.4 STM topography of platform complexes

All Eu?* complexes based on betadiketonates in this thesis consist of individual ligands being
attached to the metal ion in the center thus forming a mononuclear coordination complex.
Since the orientation of the ligands with respect to the metal core and to one another is
not fixed, there is a high freedom of movement. The complexes are therefore free to distort
in different ways, introducing an element of randomness. Furthermore, the C1 symmetry
of betadiketonate based Eu®* complexes makes identifying their adsorption behavior with
STM topography challenging. In comparison, when Ln ions are embedded in a platform
scaffold such as the trensal chelator, [113, 136, 149] the complex is more rigid and has a
distinct shape. Furthermore, the C3 symmetric trensal framework provides a controlled
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symmetry for the Eu** center reducing line broadening. Next to [Eu(trensal)], variations
with elongated tripodal platforms ([Eu(trensal-Ph-SMe)] and [Eu(trensal-O-Bn)]) were in-
vestigated. The technique of placing single molecule chromophores on tripodal scaffolds was
successfully used to create self-decoupling complexes in the past [60]. The structural and
opto-electronic properties of trensal based complexes differ from the properties of betadike-
tonate complexes which opens the possibility for an interesting comparison, which promises
to deepen our current understanding. This comparison is supplemented by a platform Ln
complex featuring Th3* as the metal center. For this reason, the characteristics of trensal
based complexes in STM topography are shown in this section.

3.4.1 Sublimation of [Eu(trensal)]

[Eu(trensal)] turned out to be sublimable at 270°C. The sublimation temperature was
found by step-wise heating the crucible of the evaporator and monitoring the deposition
rate with the quartz crystal microbalance. While this method is not entirely reliable for
determining the right temperature for sublimation as discussed in section 3.2.2 and 3.3, it
worked for Eu(trensal). The sublimation of Eu(trensal) complexes at 270°C resulted in
samples exhibiting a PL signal different to those of betadiketonate based complexes (see
section 3.6.5). This is taken as an indication that sublimation at this temperature results
at least in part in the deposition of itact complexes. Eu(trensal) was the only trensal based
complex with a conclusive deposition rate in the quartz crystal microbalance.

Eu(trensal) was sublimed onto clean Au(111) at 270°C for 10 s. This resulted in a sub
monolayer coverage of homogeneously distributed molecules (Fig.3.15 a)). The streaks in
the STM topography image indicate highly mobile molecules moving across the surface even
at 4.5 K. A close-up STM image is shown in Fig. 3.15 b) together with a cross-section. The
structure of the molecule is shown in Fig,3.15 ¢). While it is not possible to conclude the
shape of intact [Eu(trensal)| complexes on the surface from these STM images, the complex
is expected to adsorb with its C3 axis perpendicular to the surface [150] which would lead to
a small apparent height. This is in agreement with the height of around 2 A as determined
with the cross-section.
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Figure 3.15: STM topography of [Eu(trensal) on Au(111). a) Overview of molecules on
Au(111). (2.0 V, 1 pA). b) Close-up view of molecules with cross-section. (2.0
V, 1 pA). ¢) Molecular structure of [Eu(trensal)].
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3.4.2 Sublimation of [Eu(trensal-O-Bn)]

[Eu(trensal-O-Bn)| is a promising candidate for a self-decoupling trensal based complex.
The Eu®* ion is positioned on a tripodal platform. The three feet of this platform consist of
phenyl moieties that can potentially lay flat on the substrate surface. However, establishing
a reliable and finely controllable deposition method for this complex was not possible within
the scope of this thesis. For this reason, and due to the fact, that the PL signal of the trensal
based complexes was quite low in comparison to the betadiketonate complexes, experiments
focusing on the latter were favored.

[Eu(trensal-O-Bn)] was deposited on Ag(111) by sublimation at a crucible temperature
of 300°C. The temperature for sublimation was estimated to be slightly higher than for
[Eu(trensal)]. The deposition rate monitored with the quartz crystal microbalance was
not conclusive. Sublimation at 300°C for 20 s resulted in a coverage close to 1 ML. The
molecules cluster into larger agglomerates (Fig.3.16 a)). It is not possible to determine the
exact shape or orientation of the molecules on this sample (Fig.3.16 b)). The molecular
structure of the complex is shown in Fig.3.16 ¢).
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Figure 3.16: STM topography of [Eu(trensal-O-Bn)] on Ag(111). a) Overview of molecules
at a coverage close to 1 ML adsorbed on the Ag(111) surface. (2.0 V, 10 pA).
b) Close-up view of clusters of molecules. (2.0 V, 4 pA). ¢) Molecular structure
of [Eu(trensal-O-Bn)].

3.4.3 Vacuum spray deposition of [Eu(trensal-Ph-SMe)]

[Eu(trensal-Ph-SMe)] is another variant of a Eu*" complex featuring the trensal structure.
The feet of the tripodal platform feature sulfur, which is expected to act as an anchor,
increasing stability on the substrate.

[Eu(trensal-Ph-SMe)] was deposited onto clean Au(111) via vacuum spray deposition from
a dichloromethane solution with a concentration of 1 mg/ml followed by annealing with 5
W (<200°C) for 10 min. This resulted in a sub monolayer coverage as shown in Fig. 3.17 a).
The surface is covered with flat islands of molecules as is apparent from the cross-section.
Next to those islands, smaller aggregates are present. Some of those aggregates have a
C3 symmetry which is expected from the structure of [Eu(trensal-Ph-SMe)] that is shown
in Fig.3.17 d). However, in the close-up STM topography images (Fig.3.17 b)) there are
two aggregates with three-fold symmetry but different chirality adsorbed on the surface.
Furthermore, in the same image an aggregate consisting of three oblong shapes, laterally
aligned can be seen. It is therefore reasonable that these aggregates consist of three oblong
molecules that sometimes cluster into triangular shapes to maximize their interaction but
that can also align laterally. A cross-section of a single aggregate (Fig.3.17 ¢)) confirms that
these are not intact complexes which would be expected to be taller. The apparent height
of approximately 1.3 A suggests that these aggregates consist of the legs of [Eu(trensal-Ph-
SMe)] with the phenyl groups adsorbed flat on the surface.
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Figure 3.17: STM topography of [Eu(trensal-Ph-SMe)] on Au(111). a) Overview of islands
and smaller molecules of [Eu(trensal-Ph-SMe)| with cross-section of an island.
(2.0 V, 4 pA). b) Close-up view of two molecules with three fold symmetry but
different chirality. (2.0 V, 4 pA). ¢) Close-up view of a single molecule with
three fold symmetry and height profile. (2.0 V, 4 pA). d) Molecular structure
of [Eu(trensal-Ph-SMe)].

3.4.4 Vacuum spray deposition of [Tb(Tacn)]

The [Th(TACN)] complex is a representative of the TACN structure featuring Tb instead
of Eu as the metal center. Similar to Eu®*, the main transitions of Th3* are within the 4f
shell, resulting in sharp and long-lived transitions [151].

[Th(Tacn)] was deposited onto Au(111) by vacuum spray deposition from a solution of
1 mg/ml in highly purified water followed by annealing with 5.8 W (~ 250-300°C). This
resulted in a sub monolayer coverage. There are larger islands of molecules present on the
sample as well as smaller agglomerates. The islands roughly follow the herringbone recon-
struction of the Au(111) surface, while smaller agglomerates decorate the elbows (Fig.3.18
a)). The apparent height of the islands is determined with two cross-sections to be in the
range of 2.5-2.8 A. Tt is evident from the shape of the cross-sections that the islands are not
entirely flat. The reason for this becomes more apparent in the close-up image (Fig. 3.18 d)).
Some areas of the islands appear higher which could be due to a second layer of molecules
or taller molecules. The elbows of the herringbone reconstruction are decorated by smaller
molecules some of which are identical in shape and size as shown in Fig.3.18 e¢). While the
appearance of these molecules is the same, their orientation is different which rules out an
effect caused by the tip. Two close-up views of these molecules reveal the intra-molecular
structure at different bias voltages. At a positive voltage of 2 V (Fig. 3.18 b)) the structure
appears five fold symmetric, although 3 lobes are slightly brighter than the other two. At a
negative bias voltage of -2 V (Fig. 3.18 ¢)) the molecule appears three fold symmetric with
one lobe brighter than the other two. The apparent height of these individual molecules is
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Figure 3.18: STM topography of [Thb(TACN)] on Au(111). a) Overview of molecules at a
coverage below 1 ML with larger islands and smaller agglomerates following
the herringbone reconstruction with cross-section of the islands. (2.0 V, 1 pA).
b) Close-up view of a single molecule with cross-sections scanned at 2.0 V, 10
pA. ¢) Close-up view of a single molecule with cross-sections scanned at -2.0
V, 10 pA. d) Close-up view of an island. (2.0 V, 1 pA). e) Close-up view of two
single molecules with same shape but different orientation. (2.0 V, 1 pA).

around 2.1 A. It is reasonable to assume that these single molecules with uniform shape are
intact [Tb(TACN)] complexes.

3.4.5 Summary and discussion

This section provided an overview of the sample preparation and STM topography of Ln
platform complexes. As discussed, finding the right temperature for sublimation was not
possible for all complexes, because the deposition rate as checked with the quartz crystal
microbalance was not always conclusive. A more in depth study on the sublimation pro-
cedure including degassing is required to establish a reliable deposition method. For this
reason, vacuum spray deposition was preferred for most complexes which is sufficient for
preparing samples for STM topography.

STM topography images of [Eu(trensal)], [Eu(trensal-O-Bn)], [Eu(trensal-Ph-SMe)] and
[Tb(Tacn)] were shown. Identifying intact complexes and drawing conclusions on their
orientation is just as challenging as for betadiketonate complexes, despite the more charac-
teristic shape of the trensal complexes.
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3.5 Towards electro-luminescence

This thesis aims to elucidate the limitations of luminescence from Ln complexes adsorbed
on a metal surface. The excitation of luminescence by tunneling electrons which is a form of
EL, is the ultimate experiment, when working with single light sensitive molecules inside the
tunneling junction. EL was tried with different Ln complexes both on the bare substrate and
on insulating layers, but never showed conclusive signs of light emission from Ln complexes.
A systematic EL study could therefore not be conducted in favor of PL experiments that
allow to investigate different energy transfer mechanisms also relevant for EL. This section
will provide an overview of the steps taken towards EL from Ln complexes.

3.5.1 Plasmon spectrum

STML from plasmons has been studied extensively with this STM set-up in the past [58,
59]. In the scope of this thesis, it was used to determine the quality of the mirror tips and
verify the working principle of collecting light from the tunneling junction. Many factors
can influence the light collection. Molecules adsorbed on the tip change its density of states
which can quench luminescence from plasmons. Furthermore, a significant voltage drop can
occur in a dirty tip, i.e. when many molecules are adsorbed on it. This voltage is then not
available for plasmon excitation. However, even without contamination, tips have different
light collection efficiencies due to imperfections in the manufacturing process. The mirror
tip therefore needs to be checked with a microscope before installing in the STM. Typical
problems are for example: a missing tip apex, a partially or fully detached parabolic mirror,
or shavings of the material standing out further than the apex. Even when a tip is working
nicely after installation, it will eventually break due to its fragility. It is therefore necessary
to check the light collection of a tip regularly. This can be done by exciting plasmons
on a clean substrate and evaluating the yield and shape of their spectrum. With a single
electron process, the plasmon resonance can only be excited up to energies corresponding
to the energy provided by the electrons. If both tip and sample are conducting, the cut off
energy of the spectra corresponds to the applied bias voltage (see Fig.3.19). Close to the
absorption edge of Au, the cut off stops increasing with the bias voltage, because the light
cannot escape the junction anymore.
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Figure 3.19: Plasmon spectra excited by tunneling electrons measured inside the STM cavity
with a clean mirror tip on Au(111) at 4.5 K for different bias voltages. The
dark background was subtracted. The red vertical lines indicate bias voltages
in the range of 2.0 - 2.4 V. The emission edge at ~ 500 nm corresponds to the
onset of absorption in gold. Tunneling current: 130 pA.

3.5.2 NaCl islands as insulating layers

The interaction between light emitting molecules adsorbed on a surface and the substrate
potentially reduces luminescence radiating into the far field due to plasmon excitation [47,
48], image charge oscillations [46] the excitation of electron-hole pairs [45], interband tran-
sitions and charge transfer [40]. Depositing molecules ontop of a thin dielectric material
on the substrate reduces the latter while still allowing sufficient tunneling for STM. NaCl
islands are commonly used as insulators on metal substrates [40, 61, 66-68, 152] and have
e.g. been shown to reduce the work function of Ag(100) [153] and shifting the surface state
of Au(111) [154]. However, decreasing the interaction of molecule and surface enhances the
diffusion of the molecule making them more mobile and thus more unstable to scan with
STM. While depositing molecules on a layer of NaCl is a well known method which is also
comparably straight-forward, some care should be taken when checking the growth with
STM. NaCL islands can most easily be distinguished from the bare substrate surface when
the edge of an island is found. The cuboid shape of the NaCl lattice leads to rectangular
edges that are otherwise not present on threefold symmetric Au(111). However, when no
edge is found, it can be difficult to determine whether the coverage is too high or too low.
In this case STS can give an indication, or, if atomic resolution can be achieved, the NaCl
lattice can be distinguished from the Au(111) surface.

To grow NaCl islands on Au(111), NaCl is sublimed from a Kentax 3 cell evaporator at
a temperature of around 570 °C for 4-8 min. The sample is kept at room temperature dur-
ing sublimation and post-annealed afterward with 5 W (< 200°C) for approximately 10
min. Post annealing is required to grow flat islands of several ML and reduce defects. The
Na™ and the C1~ ions form a FCC lattice with a distance between atoms of the same type of
around 400 pm [155, 156]. NaCl islands of the size of several 100 nm with an apparent height
of 3 ML are displayed in Fig.3.20 a). The apparent height as determined by cross-section
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measurements (Fig.3.20 ¢) 1 and 3)) of the islands varies in STM topography depending on
the scan parameters. On this sample the apparent height of the islands is around 400 pm at
1.0 V, 10 pA, which is in agreement with literature [154]. In some islands patches of NaCl
can be missing (Fig.3.20 ¢) 4). The herringbone reconstruction of the Au(111) surface is
visible underneath 1 ML NaCl (Fig.3.20 b) ).
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Figure 3.20: a) STM topography of Nacl islands on Au(111) with positions of cross-sections
(1.0 V, 10 pA). b) STM topography of herringbone reconstruction underneath
1 ML NaCl islands. (1.0 V, 100 pA). c¢) Cross-sections of NaCl islands as
indicated in a).

For depositing complexes on top of the NaCl islands, cooling the sample is advantageous for
decreasing diffusion. Pumping liquid nitrogen through the manipulator stage via a capillary
results in temperatures between -70 to -100 °C. In some cases, this was found not sufficient
to prevent the complexes from diffusing off the NaCl islands. For this reason, several ML of
complexes are deposited on a sacrifice sample, while the target sample with NaCl islands on
it is kept at LNs-temperatures in the pre-cooling stage that is attached to the LNy cryostat.
The sacrifice sample is then positioned above the target sample with the manipulator and
heated up to sublime the complexes. This method is referred to as indirect transfer. How-
ever, even with this method, molecules are not necessarily well adsorbed on the island nor
the surface. Manipulation of the complexes while scanning is inevitable, especially when
choosing a higher voltage and set-point.

Fig. 3.21 shows consecutive STM topography scans of the same spot on the sample. This
sample was prepared using the indirect transfer method. [Eu(tta)s;(bpy)] complexes were
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sublimed onto the sacrifice sample at a crucible temperature of 160°C for 30 min. The
sacrifice sample was then heated shortly (<1 min) to 500°C. In the first image (Fig.3.21
a)) there are practically no molecules visible on the NaCl island nor on the Au(111) surface.
During the scan process, the molecules are moved around on the sample but also interact
with the tip. Molecules attaching and detaching from the tip change its electronic configura-
tion thus influencing the STM image. In Fig. 3.21 b) the molecules start to appear. Streaks
indicate highly mobile molecules being dragged along by the STM tip. On the NaCl islands
some molecules can be distinguished. In Fig. 3.21 ¢) the shape of the molecules becomes less
blurred indicating a more stable configuration. The empty appearing area below the island
is due to a tip change. Eventually, (Fig.3.21 d)) the molecules can be clearly distinguished.
The stability of the STM image improved over time because the molecules were moved into
more favorable positions by the scanning process both on the sample and on the tip.

Figure 3.21: Consecutive STM topography scans of [Eu(tta)s(bpy)] molecules on Au(111)
with a NaCl island. (STM parameters: a) 2 V, 5 pA, b) -d) 3 V, 5 pA). The
molecules are moved into stable positions by the scan process.

Fig. 3.22 provides and overview of the characteristics of molecules adsorbed on NaCl islands.
[Eu(tta)s(bpy)] complexes were deposited on NaCl islands on a Au(111) substrate. The
complexes were sublimed directly on the sample at a crucible temperature of 185°C for
10 s. The sample was cooled with LNy to -75°C. This resulted in molecules adsorbed
on the islands in a coverage below 1 ML (Fig.3.22 a)). The molecules have no distinct
shape and appear blurred on the islands indicating their high mobility. Fig.3.22 b) shows
[Eu(tta)s(bpy)] complexes sublimed onto NaCl islands on a Au(111) substrate using the
indirect transfer method. The sacrifice sample was prepared by evaporating [Eu(tta)s(bpy)]
complexes at 160°C for 30 min. The molecules were transferred onto the target sample
at LNy temperature by heating the sacrifice sample shortly to 500°C. The molecules are
well adsorbed on the NaCl island at the right hand side of the image. The molecules
on the NaCl layer appear larger and higher than the molecules on the Au(111) surface
in the STM topography. This effect becomes even more apparent in Fig.3.22 ¢). Here,
[Eu(btfa)s(bpy)] complexes were deposited onto NaCl islands on a Ag(111) substrate via
indirect transfer. [Eu(btfa)s;(bpy)] complexes were sublimed onto the sacrifice sample at
a temperature of 155°C for 30 min. Transferring the complexes onto the target sample
resulted in a coverage below 1 ML. Individual molecules are adsorbed in a stable manner
on the Ag(111) surface and on the NaCl island. The apparent height is determined with
cross-section measurements. On the Ag(111) surface the molecules have an apparent height
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Figure 3.22: Overview of different characteristics of molecules adsorbed on NaCl islands. a)
STM topography of [Eu(tta)s(bpy)] complexes deposited on NaCl islands on a
Au(111) substrate via direct transfer. (2.0 V, 10 pA). b) STM topography of
[Eu(tta)s(bpy)] complexes deposited on NaCl islands on a Au(111) substrate
via indirect transfer. (3.7 V, 14 pA). ¢) STM topography of [Eu(btfa);(bpy)]
complexes deposited on NaCl islands on a Ag(111) substrate via indirect trans-
fer with cross-sections. (1.63 V, 10 pA).

above 1 A while it is approximately 4 A on NaCl. This is due to the decoupling of molecular
orbitals from the substrate by the NaCl layer. The height of the NaCl island is around 4 A
which translates to 3 ML [154].

3.5.3 Electro-luminescence

The lifetime of Eu®* in powder form is in the range of several hundred ps which corresponds
to a decay rate in the order of 1 kHz. In the STM junction the probability for the interac-
tion between matter and light is increased by the Purcell effect by about a factor of 1000.
Assuming a detection efficiency of 10 % this leads to photons being emitted at a frequency
of 100 kHz. Incorporating the Eu* ion within a framework of ligands utilizing the antenna
effect allows to separate the excitation from the decay process. This circumvents the possi-
bility of destroying the excited state of Eu" by charge injection into Eu3* and thus does
not limit the injection rate of electrons to the decay rate of the emitting Eu®* ion. These
advantages over typical organic chromophores where excitation happens via the same two
energy levels that are involved in the light emission increase the theoretical upper limit of
the rate of radiative decay to the observed lifetime of Eu3*t multiplied by the Purcell factor
and the detection efficiency (~ 100 kHz). These considerations highlight the importance of
understanding the excitation mechanisms of Eu®" complexes and the energy transfer from
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the ligands as limiting factors for EL.

To excite molecules with tunneling electrons, the voltage has to be chosen higher than
what is usually sufficient for STM to account for the excitation via inelastic tunneling. In
the past, EL of light sensitive molecules was successfully measured with the same set-up
[60-62] by applying a bias voltage of up to ~ 3 V and a tunneling current of one to several
hundred pA. An integration time of several seconds was then sufficient to obtain a dis-
tinct emission spectrum. However, with Eu complexes no distinct emission spectrum was
observed even with integration times of several minutes. With low current set-points, the
spectra consist mostly of noise while with high set-points, plasmon emission sets in.

EL was tried at least briefly on most prepared samples. [Eu(tta)s(bpy)] deposited on islands
of NaCl ontop of the metal substrate was investigated in most detail. The NaCl layer was
expected to decouple the complexes and decrease de-excitation via charge transfer. Fur-
thermore, trensal based platform complexes such as [Eu(trensal)-Ph-SMe| and [Eu(trensal)-
Bn-O] were expected to be promising for EL due to their potential to self-decouple from
the substrate. However, no EL spectrum corresponded to the sharp emission expected from
Eu?t complexes. This section refrains from providing a systematic and thorough study, but
provides an overview of the various EL experiments. The spectra shown here are normalized
to their maximum peak height, smoothed and the background is subtracted. A mirror tip
is used for light collection (see section 3.1.3, Fig. 3.3 set-up C).

[Eu(tta)s(bpy)] was sublimed for 10 s at a crucible temperature of 185°C onto Au(111)
with NaCl islands on top (Fig. 3.23) (for the sample preparation see section 3.2.2). EL was
measured at three different locations as indicated by the red crosses labeled 1), 2) and 3).
The tunneling parameters for EL were chosen to 3.0 V and 300 pA. The PL spectrum of
a [Eu(tta)s(bpy)] powder sample is overlaid for comparison. Spectrum 1) is taken on a
molecule on the clean Au(111) surface, spectrum 2) is taken on a molecule on top of a NaCl
island and spectrum 3) is taken on clean Au(111). There is no significant difference between
the three spectra. All three spectra have a main peak around 900 nm and do not correspond
to the emission expected from Eu*. These spectra are unusual since the maximum of the
plasmonic emission is usually around 600 nm.

[Eu(trensal)-Ph-SMe] was sublimed onto clean Ag(111) for 8 s with a crucible temperature
of 200°C. Ag(111) was preferred in later experiments over Au(111) due to the lower ab-
sorption of the excitation light at 375 nm. It should also be noted that the deposition rate
as monitored with the quartz crystal microbalance was not conclusive for [Eu(trensal)-Ph-
SMe]. The sample was sparsely covered with molecules and it is not possible to determine
if these molecules are intact [Eu(trensal)-Ph-SMe] complexes. EL was measured on a sin-
gle isolated molecule (Fig.3.24 a)) and on the same molecule while scanning (Fig. 3.24 b)).
The tunneling parameters for EL were 3.5 V and 100 pA. The EL spectra show the typical
plasmonic emission at ~ 600 nm. When comparing the plasmonic emission with the over-
laid PL spectrum of a [Eu(trensal)-Ph-SMe] powder sample they do not correspond well.
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Figure 3.23: STM topography of [Eu(tta);(bpy)] complexes sublimed onto a Au(111) sub-
strate with NaCl islands and EL spectra taken on different locations indicated
by 1), 2) and 3). PL spectrum of [Eu(tta)s(bpy)] overlaid in red for compar-
ison. STM topography parameters: 2.0 V, 10 pA. Spectrum 1): molecule on
Au(111). Spectrum 2): molecule on NaCl on Au(111) . Spectrum 3): clean
Au(111). All spectra were taken with tunneling parameters: 3.0 V, 300 pA.

Furthermore, the spectrum of EL from Eu?* is expected to have emission lines even sharper
to PL emission due to the absent ensemble averaging [60].

[Eu(trensal)-Bn-O] was sublimed onto clean Ag(111) for 20 s at a crucible temperature of
300°C. EL was measured while scanning a molecule with tunneling parameters of 3.5 V
and 100 pA and with the STM tip positioned stationary above a molecule with tunnel-
ing parameters of 3.5 V and 1 pA. Overlaid in both EL spectra is the PL spectrum of a
[Eu(trensal)-Bn-O] powder sample for comparison. Fig.3.25 a) displays the EL spectrum
obtained while scanning a small area as shown in the corresponding STM image. The spec-
trum consists of emission from plasmons. There is a slight dip in the EL spectrum where
the PL emission has its main peak. This dip could arise from the Eu* complex not being
directly excited but still coupling to the plasmon resonance, resulting in a Fano lineshape
of the combined emission [157]. Fig. 3.25 b) shows the EL spectrum with the tip stationary
at the position indicated by the red cross in the STM image. The spectrum is noisy with a
main peak at 900 nm, not corresponding with the Eu®" spectrum.
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Figure 3.24: STM topography and EL spectra of [Eu(trensal)-Ph-SMe] on Ag(111). PL

spectrum of [Eu(trensal)-Ph-SMe] overlaid in red for comparison. a) Molecule
on Ag(111) with EL spectrum taken at position indicated by red cross. STM
topography parameters: 2.0 V, 300 pA. EL tunneling parameters: 3.5 V, 100
pA. b) Close-up STM topography of the same molecule with EL spectrum taken
while scanning (3.5 V, 100 pA).
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Figure 3.25: STM topography and EL spectra of [Eu(trensal)-Bn-O] on Ag(111). PL spec-
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trum of [Eu(trensal)-Bn-O] overlaid in red for comparison. a) Molecules on
Ag(111) with EL spectrum taken while scanning. (3.5 V, 100 pA). b) Molecules

on Ag(111) with EL spectrum taken at position indicated by red cross. (3.5 V,
1 pA).



3.6. RESULTS ON PHOTOPHYSICAL PROPERTIES OF EU*" COMPLEXES.

3.5.4 Summary and discussion

This section provided an overview of the steps taken towards EL from Eu?t complexes.
The characteristics of working with mirror tips were outlined, highlighting the usefulness of
emission from plasmons for evaluating the mirror tip and the optical path. A method for de-
positing Eu" complexes on NaCl was established, continuing previous work [61, 62]. While
the direct deposition method, which means subliming molecules directly on the substrate
at low temperature is sufficient for depositing complexes on NaCl, the indirect method of
depositing complexes on a sacrifice sample first results in cleaner samples with less mobility
of the complexes.

EL measurements were shown as examples of the experiments tried to obtain lumines-
cence from Eu*t complexes after excitation by tunneling electrons. These examples include
[Eu(tta)s(bpy)] deposited on NaCl as a representative of the betadiketonate complexes and
the trensal based complexes [Eu(trenal)-Ph-SMe| and [Eu(trensal)-Bn-O]. Different meth-
ods were tried, varying the tunneling parameters, and averaging the EL signal over the area
of a molecule. However, the EL data shows only plasmonic emission, giving no conclusive
indication of emission from Eu3*.

3.6 Results on photophysical properties of Eu*"™ complexes.

The main findings on the photophysical properties of Eu** complexes are presented in this
section. First, PL spectra and lifetime measurements of [Eu(tta)s(bpy)], [Eu(btfa)s(bpy)]
and [Eu(tta)s(H20)s] samples in powder, solution, drop-casted films and sublimed films on
glass substrates demonstrate potential sample preparation methods also suitable for STM.
The obtained data are complemented by JO analysis which allows to derive the radiative
and non-radiative transition rates. Second, advancing from bulk samples on glass towards
thin films (~ 20 nm) on metal substrates, the optical-setup for light collection from the
tunnel junction was improved and the working principle of TCSPC with a single excita-
tion light pulse of 30 ps verified. Tracking the decrease of the PL intensity under UV
illumination gives an estimation on the photo-bleaching rate, demonstrating limitations in
single molecule experiments. Having established TCSPC measurements inside the STM,
thin films of [Eu(tta)s;(bpy)], [Eu(btfa)s(bpy)] and [Eu(trensal)] on a metal substrate can
be investigated. Choosing [Eu(trensal)] gives first indications about the differences between
betadiketonate and trensal based complexes. Furthermore, a variety of TCSPC measure-
ments of platform complexes and betadiketonate complexes in bulk and in a thin film are
presented. Recording the TCPSC data at different wavelength ranges proofs that energy is
not transferred from the ligands to the first electrically excited state 5D, of Eu?t directly.
Instead, 5Dy is mostly populated by non-radiative transitions from decaying Eu*" states
with higher energy. Finally, thin films of [Eu(tta)s(bpy)] with varying thicknesses on a
metal substrate point out the modification of dipole emission in front of metal surfaces as
the main mechanism reducing the luminescence of molecules adsorbed on metals.
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3.6.1 PL spectra and lifetimes in bulk

Sublimation and drop-casting are common methods for depositing molecules on substrates.
The process of sublimation can be tuned by temperature and time to provide a reproducible
deposition of molecules. Impurities in the sublimable material can often be degassed result-
ing in cleaner samples than by drop-casting. However, since sublimation requires heating,
it can lead to the decomposition of the organic complexes leading to fragments on the sam-
ple. Furthermore, finding the right temperature for sublimation can be challenging. On
the other hand, drop-casting from solution leads to a more inhomogeneous distribution of
molecules on the surface. Remaining solvent and impurities in the material usually lead to
a less clean sample in comparison to sublimation. Furthermore, the solubility of the organic
complexes and possible decomposition in solution has to be considered.

In order to verify that samples that are suitable for PL as well as STM measurements
can be prepared, we deposited [Eu(btfa)s;(bpy)], [Eu(tta)s(bpy)] and [Eu(tta)s;(H20)s] onto
glass substrates by sublimation and drop-casting from ethanol solution. Since we focused
on the principle of preparing samples for PL. and STM measurements here, the thickness
of the films were not checked, but they are estimated to be in the range between several
hundred nm and one um. The material can therefore be considered as bulk. The samples
were checked for PL and the observed lifetime determined by TCSPC measurements. All
measurements were done at atmosphere and room temperature. JO parameters were derived
as described in section 2.7. These results were published in the article "Photoluminescence
and self-assembly of three different Eu complexes" [52] in the PCCP Journal.

The PL spectra of the sublimed and drop-casted [Eu(btfa)s(bpy)], [Eu(tta)s(bpy)] and
[Eu(tta)s(H20)y] samples are displayed in figure 3.26 a) and b), respectively. The spectra
show the expected emission bands, dominated by the transitions between the first excited
state 5D, to the lower-energy "F;_o_¢ levels. The spectra are normalized to the integral
intensity of the magnetic dipole allowed transition Dy — “F; [34]. The ratio of the hy-
persensitive induced ED transition °Dy — “F, and the MD allowed transition >Dy — "F}
gives an indication on the local symmetry of the light emitting metal center following La-
porte’s rule (see section 2.6). The ratio of the integral intensity of the emission bands
from °Dy — "Fy and °Dy — "F, was determined for all six samples to be in the range of
15 to 19, which confirms the expected lack of inversion symmetry in the [Eu(btfa)s(bpy)],
[Eu(tta)s(bpy)] and [Eu(tta);(H20)s] complexes.

The PL spectra of the sublimed and drop-casted films were supplemented by PL measure-
ments taken from powder samples and powder dissolved in ethanol for all three complexes.
For each spectrum, all ligand field peaks were fitted and the weighted average peak width
calculated. This allows to compare the average peak width of the PL spectra for each sam-
ple. The result is shown in Fig.3.26 ¢). The errorbars are given by the variance of the fit
parameters. The error from repeated measurements is expected to be much larger. The
spectra of the drop-casted films show the broadest peaks, which indicates inhomogeneous
broadening probably due to remains of solvent in the film and film growth with low order. In
ethanol solution, the average linewidth is between the drop-casted and sublimed films. The
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Figure 3.26: PL spectra of a) sublimed and b) drop-casted bulk [Eu(tta)s(H20)s],
[Eu(tta)s(bpy)] and [Eu(btfa)s(bpy)] on a glass substrate shifted for clarity
after excitation with A= 375 nm. c¢) Average linewidth of the PL spectra of
[Eu(tta)s(bpy)], [Eu(btfa)s;(bpy)] and [Eu(tta)s;(H2O)s] in powder, in ethanol
solution, as a sublimed film on glass and drop-casted on glass. Adapted from
[52].

narrow peak width of sublimed films suggests a more well-defined local environment and film
growth with higher order. The samples in powder form, exhibit the sharpest emission bands
with the narrowest peaks due to micro crystallites within the powder. These crystallites
offer a highly ordered environment to the light emitting molecule reducing peak broadening.

The observed lifetime 7,5 of the [Eu(btfa)s(bpy)], [Eu(tta)s(bpy)] and [Eu(tta)s;(Hz0)s]
complexes in powder form, ethanol solution, sublimed and drop-casted films was deter-
mined (Fig.3.27) by a single exponential fit, since it was expected to depend on the local
environment of the light emitting molecule. The errors of the observed lifetimes is given
by the variance of the fit parameters. The chemical [52, 158] and optical environment [52,
159] at distances approximating the wavelength of the emitted light are known to influence
the observed lifetime. The TCSPC measurements were carried out in atmosphere at room
temperature. The contribution of the emission from the (°Dy — "F;) transition to the
total intensity of the PL spectrum and the observed lifetime allow to estimate the internal
quantum yield and the radiative (Ayaq) and non-radiative (Anonraa) [34, 99, 100] decay rates
(see section 2.7). The results are summarized in table 3.1.

In the powder samples (Fig.3.27 a)), Tos is around 800 ups for [Eu(btfa)s(bpy)] and
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Figure 3.27: Observed lifetimes of [Eu(tta);(HyO)2] (blue), [Eu(tta)s(bpy)] (red) and
[Eu(btfa)s(bpy)] (black) in a) powder, b) sublimed film, ¢) ethanol solution,
and d) drop-casted from ethanol solution on a glass substrate after excitation
with A= 375 nm. Adapted from [52].

[Eu(tta)s(bpy)]. In comparison to that, 7,ps = 231 us of [Eu(tta)s;(H20)s] is significantly
shorter, which is in agreement with previous work [160]. This reduced lifetime is most likely
attributed to vibrations in the OH-groups, opening additional pathways for non-radiative
de-excitation [42—44]. This is supported by the comparably large rate of non-radiative decay
as estimated from JO theory Apouaq which is around 6 times higher for [Eu(tta)s(HzO)s]
in comparison to [Eu(btfa)s(bpy)] and [Eu(tta)s(bpy)]. In contrast, the rate for radiative
decay A,.q is of comparable magnitude between 790 Hz and 1145 Hz for all three complexes
in powder.

The observed lifetime in the sublimed films of [Eu(btfa)s(bpy)] and [Eu(tta)s(bpy)] (Fig. 3.27
b)) is slightly reduced in comparison to the powder samples, while 7.5 of the [Eu(tta);(H20)s]
film is unchanged. This can be attributed to ambient humidity collecting in the film, thus
increasing Aponrad, While the non-radiative decay of the [Eu(tta)s;(H0),] film is still domi-
nated by the water ligands, so Aonaq remains unchanged, which indicates that the water
ligands are not cleaved off during sublimation. A,.q is higher in the [Eu(btfa)s(bpy)] and
[Eu(tta)s(bpy)] films than in powder while it is smaller for [Eu(tta);(H20)s]. It can be
rationalized that the refractive index of the glass substrate leads to an increase in A,.q
for the [Eu(btfa)s(bpy)] and [Eu(tta)s(bpy)| films while the enhanced interaction between
molecules due to a denser packing in the film increases the quenching by the HyO groups
for [Eu(tta)g(HQO)Q]

In the ethanol solution (Fig.3.27 ¢)), a reduction of 7., can be observed for the
[Eu(tta)s(bpy)] and [Eu(btfa)s(bpy)] samples in comparison to the sublimed films and the
powder samples. The decay is now mediated by the solvent for these complexes as is evident
from the increased Aponraq- The higher harmonics of hydrogen bond vibrations are known
to quench the lifetime [41-43]. For the JO analysis, the refractive index of the medium sur-
rounding the Eu?" complexes has to be considered which leads to a reduction of A,,q. For
the samples in solid state a refractive index of 1.55 [34] was assumed, while 1.33 was used
for the calculation of the complexes in ethanol solution. For the [Eu(tta);(H20)s] sample,
Tobs 18 slightly higher in solution than in powder and sublimed films, thus A, ouaq is smaller
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QZ Q4 Q6 Arad Anonrad
Sample (10720 em?)|(10~Pem?)|(10-Dem?)|  (s1)| (s—1) | T
[Eu(tta)s (H20)a] € 31.08 7.69 9.32| 893.43/1738.15/0.34
[Eu(tta)s(H20)2] d 17.64 8.24 10.95| 747.57/2103.61/0.25
[Eu(tta)s(H20)a] 5 26.75 9.96 16.34] 1067.0[3280.82/0.25
[Eu(tta)3(H20)s] p 31.22 7.02 7.11[1145.25/3202.57/0.26
[Eu(tta)s(bpy)] e 33.26 7.38 0.26| 852.53|1779.05/0.32
[Eu(tta)s(bpy)] d 24.3 8.61 23.74] 973.26 -l -
[Eu(tta)s (bpy)] s 22.36 10.22 26.38 932.74] 791.40.54
[Bu(tta)s(bpy)] p 17.27 712 11.02| 715.12] 550.71(0.56
[Eu(btfa)s(bpy)] e 26.31 6.09 9.29| 692.61|1746.41]0.28
[Eu(btfa)s(bpy)] d 22.83 6.84 14.79] 899.16/1061.62|0.46
[Eu(btfa)s (bpy)] s 25.63 7.67 19.23(1030.56| 556.74/0.65
[Eu(btfa)s(bpy)] p 20.0 6.39 10.92] 789.28| 460.72/0.63

Table 3.1: Judd-Ofelt parameters, radiative (A;.q) and non-radiative (Aponraq) decay rates
and intrinsic quantum yield estimated from the intensity ratios following [34] and
references therein and the experimentally observed lifetimes. Suffixes e, d, s, p
denote ethanol solution, drop-casted, sublimed and powder samples respectively.
From [52].

in solution than in powder and the sublimed film, while A,.q4 is slightly increased. This can
be rationalized by the reduced vibronic coupling between complexes in solution, since the
non-radiative decay by the water ligands is dominant over the quenching by the solvent.

In the films drop-casted from ethanol solution (Fig.3.27 d)), Tous of [Eu(tta)s(HoO)s] is
slightly smaller than in solution, while it is slightly increased for [Eu(btfa)s(bpy)]. The
drop-casted [Eu(tta)s(bpy)] sample could not be measured due to deterioration after being
exposed to atmosphere for a prolonged time. 7, is higher in the drop-casted film than in
solid state but slightly smaller than in solution for [Eu(tta)s(H50O)s] while the situation is
reversed for [Eu(btfa)s(bpy)]. It is plausible that ethanol is still present in the dried film
that quenches 74,5 for [Eu(btfa)s;(bpy)] while reducing the quenching by the water ligands
in [Eu(tta);(H20)s]. This is supported by the values of A;.q and Aponraa being between the
values for solution and sublimed films for both complexes.

For completeness, an overview of the emission spectra of [Eu(tta);(H20)s], [Eu(tta)s(bpy)],
[Eu(btfa)s;(bpy)], [Eu(TACN)], [Eu(trensal-Ph-Sme)], [Eu(trensal)] and [Eu(trensal-O-Bn)]
powder samples measured at room temperature is provided in Fig.3.28. The logarith-
mic y-scale reveals that all °Dy — 7F;__g transitions can be detected. The spectra of
[Eu(trensal)] and [Eu(TACN)| are shifted by 10 nm as a result of modifying the optical
set-up which leads to the light entering the spectrometer at a slightly different angle. In
the spectra of [Eu(TACN)] and [Eu(tta)s;(H20),], emission from the ®D; state can easily be
distinguished at 540 and 560 nm, and 530 and 550 nm, respectively.
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Figure 3.28: Overview of the PL spectra of various powder samples after excitation with

A = 375 nm on logarithmic y-scale. The background was subtracted and all

spectra normalized to the integrated ®Dy — “F} transition. Graphs shifted for
clarity.

Summary and discussion

This section provided a proof of concept on potential sample preparation methods for PL
experiments. [Eu(btfa)s(bpy)], [Eu(tta)s(bpy)] and [Eu(tta);(H20)s] samples on glass sub-
strates were prepared by sublimation and drop-casting from ethanol solution. It was shown
that these preparation methods are suitable for PL experiments and result, at least par-
tially, in the deposition of intact complexes. The differences among the sample preparation
methods were quantified by calculating the average line width of the PL emission from
sublimed and drop-casted samples. The data was supplemented by powder samples and
molecules in solution. The results indicate the presence of micro-crystallites in the powder,
while sublimed and drop-casted films offer a less well defined environment to the Eu®* ion.

TCSPC measurements were carried out for all three complexes, in powder, solution and
as drop-casted and sublimed films. The obtained data provide insight in the impact of the
refractive index of the medium surrounding the Eu®* ion, while also clearly demonstrating
a reduction of the observed lifetime 7., mediated by vibronic relaxation. These findings
were supplemented by JO analysis, which allows to estimate the radiative and non-radiative
transition rates and the internal quantum yield. The comparison between [Eu(btfa)s(bpy)]
and [Eu(tta)s(bpy)] that have similar structures and [Eu(tta)s;(H20)q] that shows strong
quenching due to OH-vibrations demonstrates the potential of PL and TCSPC measure-
ments for pointing out quenching mechanisms due to structural differences. A comparison
between samples prepared by different preparation methods allows to draw conclusions on
the impact of film growth and the surrounding medium on the luminescence.

70



3.6. RESULTS ON PHOTOPHYSICAL PROPERTIES OF EU*" COMPLEXES.

3.6.2 Influence of tip position on TCSPC

The PL decay of the bulk samples presented in the previous chapter used an array of light
pulses for excitation to increase the PL intensity. While this is sufficient to obtain the
observed lifetime, some measurements such as determining the rise time (see section 3.6.5)
require excitation by a single short (30 ps) light pulse. The proof of concept of this method
relying on a single excitation pulse is outlined in this section, showing applicability also for
measurements inside the STM cavity and briefly discussing artifacts.

A thin film of [Eu(tta)s(bpy)] was sublimed onto clean Ag(111) with a coverage of 22.5
molecules/nm?. The sample was excited with light (A=375 nm, 30 ps), and the decay of the
PL signal of the main ®*Dy — "F; transition at 610 & 10 nm tracked by TCSPC. The decay
was measured inside the STM at 4.5 K using a mirror tip (see section 3.1.3, Fig. 3.3 set-up
C) supplemented by one measurement in the preparation chamber at room temperature
for comparison (see section 3.1.3, Fig. 3.3 set-up B). In the STM, the tip-sample distance
was varied in the range of 5 - 300 nm. An additional measurement was done in tunneling
contact (100 pA, 2 V). The decays are shown in Fig. 3.29. The background was subtracted.
The graphs are normalized to the integral intensity of the Dy — 7F; MD transition and
shifted for clarity. The decay data cannot be described by a single exponential function suf-
ficiently, which indicates contributions to the PL signal from different species of molecules
or molecules with different chemical or optical environments (see section 3.6.4). For this
reason, the data was fitted with the sum of two exponential functions. The thus obtained
Tobs are included in the figure. The whole set of fit parameters is listed in table 3.2. 7,
on the short scale is in the range of 120 - 200 us, 7,5 on the long scale is between 560 -
690 ps. It is apparent that there is no systematic variation in either 7., when changing
the tip-sample distance. There is also no significant difference between the measurement
performed in the preparation chamber at room temperature and the measurement in the
STM at 4.5 K. The modification of dipole emission in front of metal surfaces is expected
to be the main determining factor for 7, (see section 2.4.2). This effect is independent of
temperature which explains the similar values for measurements at 4.5 K and at room tem-
perature. Furthermore, tunneling conditions do not influence the decay. This is expected
since only a single molecule is involved in the electron transport by tunneling, while the PL
signal consists of light from several molecules. It should also be noted that for thick films
and dielectric substrates non-radiative processes are dominant, as can be seen when com-
paring radiative and non-radiative transition rates as derived from JO-theory (see section

3.6.1, table 3.1).

The time constant for the population of the ®Dy level (rise time), was measured as part
of this thesis (see section 3.6.5). This requires investigating the decay of the PL signal
within the first few ps. For this reason, the switch-on effect in TCSPC measurements will
be treated here. While an in depth investigation is beyond the scope of this thesis, a brief
discussion will show the characteristics of the optical set-up. 30 ps light pulses with A = 375
nm were sent into the STM onto a clean Ag(111) reference sample at 4.5 K. The response
signal was tracked with TCSPC for wavelengths in the range of 450 4+ 10 - 670 4+ 10 nm.
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Figure 3.29: Decay of a 22.5 molecules/nm? thin film of [Eu(tta)s;(bpy)] on Ag(111) mea-
sured with the PL set-up inside the preparation chamber at room temperature
and with the PL set-up inside the STM at 4.5 K at different tip-sample dis-
tances. The intensity of the °Dy — "F, was tracked at 610 & 10 nm using
TCSPC. The excitation light is excluded and the background subtracted. 7,ps
was obtained by fitting the sum of two exponential functions. Graphs shifted
for clarity.

The measurement at 610 + 10 nm was done first and repeated after all other measurements
to rule out any effects that might arise from bleaching or instabilities in the light source.
The decaying signals are displayed in Fig. 3.30. The dark count background was subtracted.
It is apparent that several features are present within the first 200 ns. While a systematic
study is unnecessary for the measurements done in this work, the features are expected to
arise from reflections mostly at the interfaces of the optical fibers, as well as afterpulsing
in the SPADs [161]. The decaying background stems from autofluorescence in the optical
fibers. At least the first few hundred ns are therefore excluded in TCSPC measurements.
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Tip-sample Tobs,1 o? (Tobs,l) Tobs,2 o? (Tobs,Q) Ay 02(141) Ao 0'2(142)
distance (nm)| (ps) (us)| (us) (ps)

300| 630 6| 154 5(0.1233|0.0039 |0.625|0.028

50| 649 13| 155 9/0.0551]0.0036 |0.408]0.033

20| 585 9] 128 8/0.0717(0.0037 |0.45 |0.04

10| 565 8| 121 8(0.078 10.004 ]0.47 (0.05

5| 618 11} 145 9(0.0621]0.0039 0.421|0.037

Tunneling| 606 20| 181 21|0.161 |0.019 |0.61 |0.08
Prep chamber| 560 3| 198 5(0.254 10.006 ]0.630(0.015

Table 3.2: Observed lifetimes 7ops, [Tobs|=Hs and amplitudes A of a thin ([Eu(tta)s(bpy)])
film on Ag(111) with a coverage of 22.5 molecules/nm? measured in the STM
at 4.5 K at different tip-sample distances between ~ 300 — 5 nm as well as in
tunneling condition and using the PL set-up in the preparation chamber (see
section 3.1.3, Fig. 3.3, set-up A) as derived by fitting the sum of two exponential
functions. The variance of the fit parameters is given by ¢?. PL excitation via
light with A = 375 nm, 30 ps. The Dy — "F, decay at 610 &= 10 nm was tracked.
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2 1027 .\\* 258 nm
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Figure 3.30: Reflections and artifacts in TCSPC measurements within the first 200 ns.
TCPSC was measured on a clean Ag(111) reference sample in the STM at
4.5 K after sending in light pulses with A=375 nm, 30 ps. The response was
collected at different wavelengths in the range of 450 + 10 - 670 £ 10 nm. The
measurement at 610 & 10 nm was done first and repeated at the end to rule
out effects arising from bleaching or instabilities in the light source. The dark
count background was subtracted.
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Summary and discussion

In this section TCSPC measurements on a thin film of [Eu(tta)s(bpy)] with a coverage of
22.5 molecules/nm? on a Ag(111) substrate were presented. The measurements were carried
out at 4.5 K using the PL set-up inside the STM with a mirror tip. The tip-sample distance
was varied from 5 to 300 nm. Additionally, the luminescence decay of the same sample at
room temperature was measured using the optical set-up inside the preparation chamber
without mirror tip. No systematic variation in the derived decay constants 7.,s with tip-
sample distance was found, nor is there a significant difference between the measurements
with mirror tip at 4.5 K and without mirror tip at room temperature. The absence of a
reduction of 7, for decays inside the STM cavity is due to the fact that the cavity en-
hancement is very weak for large distances and that only a small fraction of the molecules
are located inside the cavity. The modification of dipole emission in front of metal surfaces,
which is temperature independent, is expected to be the main factor influencing the lifetime,
since no difference between the measurement at room temperature and at 4.5 K was found.

It was furthermore demonstrated, that the first 200 ns of TCSPC data obtained by a single
excitation pulse contain several spikes in intensity across the entire wavelength range. These
are attributed to to a complex combination of autofluorescence, propagation delays in the
optical fibers and reflections at the interfaces of optical fibers and afterpulsing of the SPADS.
For this reason, the first 200 ns after excitation are omitted in TCSPC measurements.

3.6.3 Decrease of luminescence intensity under UV illumination

The bleaching of Eu** complexes by exposure to UV light is well known. While there
are studies on complexes in solution [162], embedded in host matrices [163-166] or sin-
gle crystals [167], often only qualitative conclusions are drawn. This thesis aims towards
enabling PL studies on electrically contacted single molecules. For this reason, the photo-
degradation process of a thin [Eu(tta)s(bpy)] film on Ag(111) at 4.5 K with a coverage of
22.5 molecules/nm? was quantified. These results were published in [168]. The sample was
prepared by subliming [Eu(tta);(bpy)] at a crucible temperature of 185°C for 14 min after
degassing at 150 °C for several hours. The sample was then exposed to UV light (A = 375
nm) for excitation and the PL response measured repeatedly with PL set-up B (see section
3.1.3, Fig.3.3). The thus recorded spectra were integrated to obtain the intensity of all
emission bands over time. This is shown in Fig.3.31 a) (black dots). Also displayed is the
integrated intensity of the main Dy — "F, transition (yellow dots). Both data sets were fit-
ted with a single exponential to estimate the photo-bleaching lifetime. The photo-bleaching
lifetimes are around 7 - 103 and 6 - 103 s for the overall emission and for the main emission,
respectively. This corresponds to approximately 10° photons emitted by each Eu?* complex
until the PL intensity drops to 1/e. The photo-bleaching probability is therefore of the order
of 107° which is comparable to the photo-bleaching probabilities of organic dyes in water
and at room temperature (1073 - 10~7) [169]. For a single molecule, this would correspond
to a bleaching probability of 1 — 1/e = 66 % after 105 photons, which is insufficient for
performing PL on single molecules over an extended period of time.
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The position of the main °Dy — 7F, emission band was determined for each spectrum
taken (Fig.3.31 b)). There is no significant change over time within the margin of error.
Furthermore, the integrated intensity at different wavelength ranges is shown in Fig. 3.31
c¢). There is no increase in intensity at any wavelength range, which would be taken as an
indication for a fragmentation of the complex or reduction from Eu®" to Eu?* [170].
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Figure 3.31: Decrease of the PL intensity of a [Eu(tta)s;(bpy)] film on Ag(111) at 4.5 K with
22.5 molecules/nm? coverage under illumination with UV light (A = 375 nm).
a) Decrease in PL intensity over time for all emission bands integrated (black
dots) and for the main emission band Dy — "Fy (yellow dots). The data was
fitted with a single exponential, the according decay constants are included. b)
Peak position of the main Dy — 7F, emission band over time. c) Decrease in
PL intensity tracked at several wavelengths intervals ranging between 450 and
950 nm. From [168].

Summary and discussion

The decrease of the luminescence intensity under UV illumination due to photo-bleaching
was investigated in this section. This was done by repeatedly measuring the PL of a
[Eu(tta)s(bpy)] film on Ag(111) with a coverage of 22.5 molecules/nm? at 4.5 K. The PL
spectra decline over time for all wavelengths without an increase at a specific range which
would indicate a fragmentation of the complex or reduction of Eu®*. The decrease in inten-
sity was quantified by integrating the PL spectra to obtain the PL intensity over time. This
allowed to estimate the photo-bleaching probability to 10~ which is considered insufficient
for performing extended experiments on single molecules.
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3.6.4 PL spectra and lifetimes in thin films

In section 3.6.1 it was shown that the Eu** complexes [Eu(btfa)s(bpy)], [Eu(tta)s(bpy)] and
[Eu(tta)s(H20)s] can be sublimed to prepare samples suitable for PL measurements. How-
ever, the sublimed films had unknown but very large thicknesses and were considered bulk.
After a reliable method for depositing a controlled amount of molecules on the substrate had
been established (see section 3.2.2 and 3.3), thin films could be prepared. [Eu(btfa)s(bpy)],
[Eu(tta)s(bpy)] and [Eu(trensal)] were sublimed on glass and Ag(111). The comparison
between dielectric and metallic substrates gives a first indication on the energy transfer
to the metal. This will be discussed in greater detail in section 3.6.6. The trensal based
complex [Eu(trensal)] was chosen to compare against the betadiketonate based complexes

[Eu(btfa);(bpy)] and [Eu(tta)s;(bpy)]. These results were published in [168].

[Eu(btfa)s(bpy)], [Eu(tta)s(bpy)] and [Eu(trensal)] samples with a coverage of 22.5
molecules/nm? were prepared by sublimation on clean Ag(111) and on clean glass sub-
strates. [Eu(btfa)s;(bpy)] and [Eu(tta)s(bpy)] were sublimed at 185°C, after degassing at
150 °C for several hours. [Eu(trensal)] was sublimed at 280 °C. PL was measured on the thin
film samples on glass at room temperature using the set-up in the preparation chamber, the
films on Ag(111) were measured inside the STM at 4.5 K (see section 3.1.3, Fig. 3.3, set-ups
A and C). UV light with A = 375 nm was used for excitation. The data sets of thin films
are supplemented by PL spectra of powder samples for comparison. The auto-fluorescence
background was subtracted and the spectra normalized to the integrated emission from
the °Dy — "F) transition [126]. The graphs are shifted for clarity (Fig.3.32 a)-c)). The
PL spectra show the well known emission bands of Eu®* for the Dy — "F;_y_4 transi-
tions. For these samples, four different mechanisms affecting the emission spectra have to
be considered. These are: chemical changes [158] or differences in the molecular arrange-
ment influencing the ligand-field splitting [34]; the impact of the optical environment of
the molecule; and the interaction between the complex and the metal surface. The optical
environment is considered isotropic in powder, while the vacuum-glass interface creates a
discontinuity in the refractive index, and the Ag(111) substrate is highly reflective [159, 171].
The matter-light interaction of complex and metal substrate can lead to the coupling of the
dipole transition of the complex with surface plasmons [48]. Furthermore, hybridization of
the 4f states and the conduction electrons of the metal substrate can increase charge trans-
fer from complex to substrate thus providing a strong de-excitation channel and quenching
luminescence.

It is apparent that for films on Ag(111) (Fig.3.32 a)-c)) the ratio of emission from the
induced ED transitions and the emission from the MD transition is lowest for all samples.
This can be explained by the optical set-up mainly detecting light emitted perpendicular to
the substrate plane. Due to the differences of the electric and magnetic field components
in front of metal surfaces (see section 2.4.2), the set-up preferably detects emission from
MD transitions in comparison to induced ED transitions. Normalizing the spectra to the
5Dy — "Fy MD transition leads to a relative decrease of the induced ED transitions in films
on Ag(111). The modification of luminescence due to the presence of the metal surface will
be discussed in more detail in section 3.6.6. The 5Dy — [} transition is strictly forbidden
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according to JO theory. However, the selection rules can be relaxed by J mixing induced by
the ligand field. Emission from Dy — "F, at around 585 nm can be distinguished in the
sublimed samples of [Eu(tta)s(bpy)] and [Eu(btfa)s(bpy)] on glass. In the powder samples
this emission band is nearly absent, especially for [Eu(btfa)s(bpy)]. This indicates a modifi-
cation of the ligand field upon sublimation, possibly by a deformation due to a different inter
molecular arrangement. The molecular material used for sublimation contains microcrystal-
lites, providing a well defined environment for the light emitting center of the complex. In
films, no crystallization is expected. Fragmentation of the complexes, e.g. by cleaving of the
ligands is also possible, either by sublimation itself [143] or by the interaction with the sub-
strate [140], as has already been discussed in the analysis of the STM topography data (see
section 3.3). The modification of the surrounding order in [Eu(btfa)s;(bpy)] is supported by
the individual ligand field levels of the *Dy — "F, (~ 610 nm) and Dy — "Fj (~ 700 nm)
bands being sharper in the powder sample in comparison to the thin films. Sharper ligand
field levels can be explained by a more well defined environment provided by the crystalline
powder samples of [Eu(btfa)s;(bpy)]. On the samples investigated here, the ligand field levels
of the [Eu(tta)s(bpy)] film on glass are sharper than the levels of the [Eu(btfa)s(bpy)] film
on glass. Due to the similar molecular structures of [Eu(btfa)s;(bpy)]and [Eu(tta)s(bpy)],
this difference is not expected to be systematic. This observation can be explained by the
fact that the [Eu(tta)s(bpy)] material was used more often for sublimation and does there-
fore contain less contamination, due to more thorough degassing. For [Eu(trensal)], the
PL spectra of two powder samples and two thin films with the same coverage on glass are
included to provide an estimation of reproducibility. The spectra of the powder samples are
shifted with respect to the other spectra by 10 nm. This is a result of a modified optical
set-up that results in the light entering the spectrometer at a different angle. The ratio of
emission from the Dy — 7F, transition to the ® Dy — 7F} transition is about twice as high
on one thin film on glass, while it is about 20 % higher on the other film in comparison
to the powder samples. Furthermore, emission from the °D, — "Fj transition is clearly
increased in relation to the 5Dy — 7F; emission band. This is the case for both [Eu(trensal)]
samples on glass. The most plausible explanation is an increased radiative rate, caused by a
relaxation of selection rules for [Eu(trensal)] films on glass due to a reduction in the coordi-
nation environment upon sublimation [172]. This is supported by the fact that [Eu(trensal)]
has C3 symmetry, while [Eu(btfa)s(bpy)] and [Eu(tta)s(bpy)] are C1 symmetric. The crys-
talline powder samples provide a local coordination environment with high symmetry for
[Eu(trensal)] which is greatly reduced upon sublimation. This reduction in symmetry is less
pronounced for the betadiketonate complexes that already have a low symmetry in powder.
Furthermore, the emission of [Eu(trensal)] does not show significant line broadening upon
sublimation, as for example observed for [Eu(btfa);(bpy)]. This is attributed to the more
rigid structure of [Eu(trensal)] being less prone to damage upon sublimation, which results
in fewer different molecular species on the sample, and thus a more ordered film.

In addition to the PL spectra, the decay of the main 5Dy — "I, emission band was tracked
by TCSPC measurements with a 610 + 10 nm band-pass filter. This allows to compare the
dynamics of the light emitting excited states of the three different complexes. The samples
were excited with UV light of A = 375 nm with prolonged illumination time (0.1 to 0.5 ms) if
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not stated otherwise. The decays for the three different samples in powder form and as thin
films with coverage of 22.5 molecules/nm? on glass and on Ag(111) are shown in Fig. 3.32
d)-f). The powder samples were measured at room temperature and atmosphere, the films
on glass were measured using the set-up in the preparation chamber at room temperature
(see section 3.1.3, Fig. 3.3 set-up A), the films on Ag(111) were measured at 4.5 K using
set-up C) (see section 3.1.3, Fig.3.3). The decay of the PL intensity cannot be sufficiently
described by a single exponential decay, except for the [Eu(trensal)] film samples on glass
and the [Eu(btfa)s(bpy)] powder sample. This deviation from a single exponential decay
indicates similarly dominant de-excitation mechanisms on different timescales. These can
be induced by different environments of the light emitting metal center for example caused
by the distance to the substrate or different species of molecules. The fits are represented
by the dashed graphs. The fit parameters are listed in table 3.3.

When comparing the PL decay dynamics of the three complexes in powder, 7., is about
a factor of two smaller for [Eu(trensal)] (~ 400 ps) in comparison to [Eu(btfa)s(bpy)]
and [Eu(tta)s(bpy)] (~ 800 ps). This trend of reduced lifetimes in [Eu(trensal)] is also
present in the thin film samples. This is in agreement with previous work [52, 113]. For
[Eu(btfa)s(bpy)] and [Eu(tta)s(bpy)], Tops is shorter in the thin film samples than in powder
which is in agreement with my previous findings [52] and literature [159]. The reduction in
lifetime is mostly attributed to an increased non-radiative transition rate caused by inho-
mogeneities and contamination in the films, as well as an increased radiative transition rate
due to a less ordered environment. The large 7ps of [Eu(tta)s(bpy)] on Ag(111) might be a
result of exciting with a single excitation pulse on this sample and shows the impact of the
exact experimental details. For [Eu(trensal)] 7oy is greatly reduced on the thin film samples
on glass. When considering the increased ratio of induced ED vs. MD transitions in the PL
spectra of these samples, this most likely arises from an increased radiative transition rate.
JO analysis was refrained from since it is based on the principle that light from emitting
dipoles is collected with equal probability, which is not considered valid for thin films on
substrates.

The difference in the decay dynamics between [Eu(trensal)] and the two betadiketonate
based complexes is taken as another indication that the sublimation process has a higher im-
pact on the intactness of [Eu(btfa)s(bpy)] and [Eu(tta)s(bpy)] in comparison to [Eu(trensal)].
However next to symmetry and integrity of the complexes, there are additional factors that
need to be considered. The presence of hydroxyl groups on the glass surface can lead to
additional quenching of luminescence via phonons. Furthermore, the increased refractive
index of the glass substrate and the discontinuity at the glass vacuum interface modifies the
photonic density of states therefore increasing the radiative decay rate. Finally, for films on
the metal surface, the modification of the dipole emission by the metal substrate provides
a de-excitation pathway that reduces the lifetime as will be shown in section 3.6.6. The
unlikely hybridization of the 4f orbitals of Eu* with the conduction electrons of the metal
surface, or charge transport by tunneling 4f electrons would lead to significant de-excitation
on a timescale much shorter than PL lifetimes. This would drastically reduce the PL signal
of films sublimed on metal by orders of magnitude, which was not observed. However, the
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Sample T o?(y)|r o?(m)|A1 o2(Ay) |As 2(As)
[Eu(btfa)sbpy] p [800.0 0.8 1.0120 |0.0015

[Eu(btfa)sbpy] g 200 6 46.7 (2.2 |0.267 |0.016 [0.875 ]0.032
[Eu(btfa)sbpy] m|137 8 24.0 2.1 ]0.221 ]0.021 |0.95 0.07
[Eu(tta)sbpy] p [906.0 3.2 |403 |39 0.940 10.009 1(0.06 ]0.01
[Eu(tta)sbpy] g |173 9 54.1 (3.3 |0.349 |0.037 |0.753 |0.032
[Eu(tta)sbpy] m [444.002/0.012 [49.062|0.037 |0.81589/0.00003|0.16320|0.00008
[Eu(trensal)] pl [350 18 |782 |24 |0.170 [0.013 |0.855 |0.016
[Eu(trensal)] p2 [421 27 |107 |6 0.270 |0.029 |0.847 ]0.029
[Eu(trensal)] gl (68.0 1.7 1.50 |0.10

[Eu(trensal)] g2 |57 6 1.30 |0.13

[Eu(trensal)] m [184 ) 284 1.8 ]0.292 ]0.013 |0.81 0.04

Table 3.3: Fit results for the observed lifetimes (7, [7]=us), amplitudes A and their vari-
ance o2 of [Eu(btfa)s(bpy)], [Eu(tta)s(bpy)] and [Eu(trensal)] powder samples
(p) and thin films on metal (m) and glass substrates with a coverage of 22.5
molecules/nm? (g). The emission of the °Dy — 7F), transition was tracked with
a 610 £ 10 bandpass filter. The decay data was fitted with a single, or double
exponential function.

films have a conductance sufficient for tunneling as is shown by the relatively stable STM
topography in Fig. 3.32 f).
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Figure 3.32: PL spectra and lifetimes of [Eu(btfa)s;(bpy)], [Eu(tta)s(bpy)] and [Eu(trensal)]
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in powder and in films with ~ 22.5 molecules/nm? coverage on Ag(111) and
on glass. For excitation UV light (A = 375 nm) was used. a)-c) PL spectra
recorded at room temperature. The autofluorescence background was sub-
tracted and the spectra normalized to the °Dy, — 7F} transition. Graphs
shifted for clarity. d)-f) Decay of the PL intensity of the main Dy — 7F,
emission band as obtained from TCSPC measurements using a 610 £ 10 nm
band-pass filter. The decays were fitted with the sum of two exponential func-
tions, the thus determined 7., are included. The colors correspond to the
different samples: powder: red, orange; film on glass at room temperature:
cyan, blue; film on Ag(111) at 4.5 K: gray. An STM topography image of a
[Eu(trensal)] film with 22.5 molecules/nm? is included in f), indicating rela-
tively stable conductivity. (STM parameters: -10.0 V, 1 pA). From [168].
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Summary and discussion

This section focused on PL and TCSPC measurements of the betadiketonate complexes
[Eu(btfa)s(bpy)] and [Eu(tta)s(bpy)] and the trensal complex [Eu(trensal)]. The measure-
ments were performed on thin films of these complexes with a coverage of 22.5 molecules/nm?
on glass and Ag(111) substrates, supplemented by measurements of powder samples. The
structural difference between betadiketonate and trensal based complexes is reflected in the
emission spectra. It was concluded that [Eu(trensal)] is more susceptible to changes in the
local coordination environment upon sublimation, while also being less prone to fragmen-
tation in comparison to the betadiketonate complexes. Furthermore, the unique properties
of dipole emission in front of metallic surfaces were discussed.

TCSPC measurements were carried out on the three different complexes in powder and
as sublimed films on glass and Ag(111). It was shown that the decay of the PL signal
often has to be described by the sum of two exponential functions which indicates emission
from molecules with different environments. The TCSPC data complements the conclusions
drawn from the PL spectra, also indicating that [Eu(trensal)] is more prone to structural
changes upon sublimation.

3.6.5 Accessing the °D; — %Dy transition

Many publications focus on the main transitions of Eu** from the first excited ®Dj state to
the "Fy ground levels. However, transitions from the higher excited state ®D; can also be
observed, although they are weaker and some bands are close to the emission bands of > D
(see table 2.3). Observing emission from 5D; in Eu®" complexes means that either the Eu®"
ion is directly excited or the ligands do not transfer their energy directly to the °Dj state.
A direct excitation of the Eu®" ion is unlikely due to the shielding of the 4f orbital. The
non-radiative > D; — °D, transition is not directly accessible, but emission from °Dy — "F;
and °D; — "F; can be compared. Due to the improvements of the optical set-up that were
done as part of this thesis, samples of Eu*t complexes can now be excited with a single,
short light pulse and the PL response collected. This reveals an initial increase in intensity
from the emission of the 5Dy state that is caused by the non-radiative °D; — 5D, transition.

TCSPC measurements were carried out on powder samples of [Eu(tta)s(bpy)],
[Eu(tta)s(H20)s], [Eu(trensal-Ph-SMe)], [Eu(TACN)] at room temperature as well as on a
film of [Eu(tta)s(bpy)] sublimed on Ag(111) with a coverage of 22.5 molecules/nm? (Fig. 3.33
and 3.34), measured at 4.5 K with set-up B (see section 3.1.3, Fig. 3.3). The samples were
excited with a single pulse of light (A = 375 nm, 30 ps). Bandpass filters of 540+10, 560+10
and 610£10 nm were positioned in front of the SPAD to track the decay of the °D; — 7F 5
and 5Dy — "F, transitions. The °D; — TF} 5 transitions were chosen because their emis-
sion can easily be separated from the ?Dy — 7F, emission bands. The observed lifetime of
a transition is intrinsic to the initial state (see section 2.3), i.e. tracking the °D; — "F; and
°D; — "F, decay should lead to the same 7,,s. For each measurement, the background was
subtracted and the first few hundred ns excluded, since they contain mostly autofluorescence
of the excitation light.
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Emission from the °Dy — "F, transition is strong in the samples of [Eu(tta)s(bpy)] and
[Eu(tta)s(H20)s]. From the data represented on the long time scale (Fig.3.33 a)), it is
apparent that the intensity of the [Eu(tta)s(bpy)] sample rises at first and then declines,
while the intensity of the 5D; — 7F172 transitions declines much faster. The rise in emis-
sion from °D; is not observed since in happens on the nanosecond time scale [115, 129,
130]. While emission at this time scale can be resolved by the SPAD (see section 3.1.3),
it is overshadowed by reflections of the excitation light and afterpulsing (see section 3.6.2).
The initial rise of the Dy — 7F, emission is more apparent when zooming in at the first
few microseconds (Fig.3.33 b)). The decay of the PL intensity from both initial states
®Dy and °D; of the [Eu(tta)s;(Hy0)s] samples is comparable to [Eu(tta)s(bpy)] (Fig.3.33
c and d)). [Eu(trensal-Ph-SMe)| shows a different characteristic (Fig.3.34 a)). The inten-
sity of the emission from the 5Dy — "F, decreases faster than as observed in the samples
of [Eu(tta)s(bpy)] and [Eu(tta);(H20)s]. From Fig.3.34 b), it becomes apparent that the
intensity from the ®D, — "F, transition declines on a similar timescale as the emission
from 5D; — TFy and °D; — "F, and lacks the initial increase. In [Eu(TACN)] (Fig.3.34
c) and d)), the overall PL signal is even lower than in the [Eu(trensal-Ph-SMe)] sample
but the initial increase in the intensity from the ®>Dy — 7F, transition is present. Further-
more in comparison to the betadiketonate samples, the intensity of the decaying signal of
the °Dy — 7F, transition is closer to the signal from the °D; — 7F172 transitions in the
[Eu(trensal)] sample as can be seen for ¢ — 0. This indicates a higher ratio of ®D;/°D,
emission, which is confirmed by the PL spectra (see section 3.6.1, Fig. 3.28). In the thin film
of [Eu(tta)s(bpy)] on Ag(111), the initially increasing intensity of the Dy — 7Fy emission
is also present (Fig.3.34 e) and f)). Comparing the emission of the different samples on the
short time scale reveals that the decay of the °D; — "F} and °D; — "F, is not always
sufficiently described by a single exponential function.

To analyze the data quantitatively, it was fitted with a sum of exponential functions in
the form of ). A;exp(z/7;). Where A; describe the amplitudes and 7; the decay constants
which are synonymous to the observed lifetimes. Depending on the characteristics of the
data either a single exponential function or the sum of two to four functions was fitted. The
initial increase in intensity in the emission from the >Dy — “F), transition can be described
by a negative amplitude which is then denoted as A, with a corresponding decay constant
Trise- Lhe fit parameters are listed in tables 3.4, 3.5, 3.6 and 3.7. The variances of the fit
parameters are rounded to the first or second non-zero digit. The fit parameters are rounded
according to their variance.

While the exact value of 7s (table 3.4) strongly depends on the experimental details, the
order of magnitude is in agreement with literature [112, 115, 128, 129]. For all samples, 7yse
is slightly higher than the decay constants 7;sp, of the °D; state except for the thin film of
[Eu(tta)s(bpy)] where the °D; decays cannot be described by a single exponential function.
There 7 is larger than the first decay constant and smaller than the second. T being
larger than 7,5 p, indicates that energy is transferred to the ° Dy state at a rate lower than the
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Figure 3.33: Rise time and decay of the PL intensity of the D; — "F} (cyan), °D; — "F
(gray) and Dy — "F, (red) transitions in different powder samples at room
temperature at long and short time scales. The data was fitted with exponential
functions (dashed lines).

decay rate of the °D; state. This is a strong indication that the ® Dy state is mostly populated
by the °D; — °Djy transition. In the powder samples of [Eu(tta)s(bpy)], [Eu(tta);(Hy0)s]
and [Eu(TACN)] the emission from both ®D; transitions decays with nearly identical time
constants, as expected. In the powder sample of [Eu(trensal-Ph-SMe)] and the thin film of
sublimed [Eu(tta)s(bpy)] the 5D; decays cannot be described by single exponential functions
(see section 2.5). While the same decay constants for both transitions starting from °D; are
still expected when several de-excitation processes are involved, the fitting process is more
ambiguous. However, even for these samples the decay constants of both °D; transitions
match pairwise with only minor deviations. The losses of the energy transfer pathways
within the Eu?* ion can be estimated by the ratio of 7,50, and Tyge. Trise Deing significantly
larger than 7;sp, would indicate that 7;sp, is dominated by transitions that are not leading
to the population of the ® Dy state. This ratio is in the range of 85 - 95 % for all three powder
samples that allowed to determine 7. Assuming EL follows the same excitation pathway
the method of estimating these losses might give an indication which complexes are most
promising which is especially useful since EL. measurements can be tedious and time con-
suming. In fact, [Eu(tta)s(bpy)] and [Eu(tta)s;(H20),], that are known to exhibit a strong
PL signal, both have a 7 of less than half a microsecond, which is very close to the decay
time of their °D; state. The luminescence dynamics of the betadiketonate complexes are
in contrast to the platform complexes [Eu(TACN)] and [Eu(trensal-Ph-Sme)]. [Eu(trensal-
Ph-Sme)| does not show any observable rise time. For the sample of [Eu(TACN)]|, 7s and
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Figure 3.34: Rise time and decay of the PL intensity of the °D; — 7F, (cyan),
°Dy — "Fy (gray) and Dy — 7F, (red) transitions in powder samples of
[Eu(trensal-Ph-SMe)] and [Eu(TACN)] at room temperature and a 21 nm thick
film of [Eu(tta)s(bpy)] sublimed on Ag(111) at room temperature at long and
short time scales. The data was fitted with exponential functions (dashed lines).

T;5p, are about ten times higher than for [Eu(tta);(bpy)] and [Eu(tta);(H20)o]. This im-
plies a less efficient °D; — °Dy transition pathway, ultimately leading to a higher D, /° Dy
emission ratio.

For all samples, the ®Djy is characterized by up to three decay constants on different time
scales, roughly in the ranges of ten, hundred and several hundred pus for most samples.
[Eu(tta)s;(H20)s] deviates by having one dominant decay at 215 ps. This might arise from
the inherent quenching by OH-vibrations. It should be noted that the dominant decay in
the [Eu(tta);(H20)s] sample is in agreement with what we reported earlier [52], while the
powder sample and the sublimed film of [Eu(tta)s(bpy)] differ. The smaller decay constant
in the powder sample is most likely due to the shorter measurement window, while the
higher decay constant in the thin film might be caused by performing the measurement in
vacuum and at 4.5 K.

The PL intensity of a transition is not only impacted by 7.4 but also depends on the inten-
sity of the excitation signal, the sensitization efficiency, the losses on the pathway leading
to the population of the emitting state and the detection efficiency. The amount of com-
plexes contributing to the PL signal can be derived by the amplitudes A; of the exponential
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Sample Transition |Tyise (Us)[71 (Us) |72 (pus) |73 (us)
[Eu(tta)sbpy] °Dy — THy 0.27536

[Eu(tta)sbpy] °Dy — TFy 0.292086

[Eu(tta)sbpy] °Do — "F5[0.30135 [21.98  [137.14 [532.23
[Eu(TACN)] °Dy — "Fy 2.9961

[Eu(TACN)] °Dy — TFy 3.0147

[Eu(TACN)] ®Do — "F[3.356  |125.35 [336.70
[Eu(tta)sbpy] ilm PD; — "F 0.300  [1.939
[Eu(tta)sbpy] film [°D; — "Fy 0.758  [2.407
[Eu(tta)sbpy] film [°Dy — "F[1.5157 [23.36 [153.4  [687.4
[Eu(trensal-Ph-SMe)|°D; — "F} 0.15663 [1.0380 [4.2510
[Eu(trensal-Ph-SMe)]° D1 — "Fy 0.2445 [1.1784 |4.946
[Eu(trensal-Ph-SMe)][° Dy — "F3 0.6475 [3.4573 [13.91
[Eu(tta)s(H20)s] °Dy — TFy 0.352951
[Eu(tta)s(H20)s] °Dy — TFy 0.32331
[Eu(tta)s(H20)2]  [°PDo — "F»[0.39975 [0.008  [215.7579

Table 3.4: Decay times (7, [r]=us) for the 5Dy — "Fy, °D; — "Fy and °Dy — "F, transi-
tions as obtained by fitting a single or a sum of exponential functions for powder
samples and in a film of 22.5 molecules/nm? thickness on Ag(111) at 4.5 K. Ty
is the rise time of the initial increase in the intensity of the Dy — 7F, transition.

Sample Transition |02 (Tyise)|0?(11)  |02(72)|0?(13)
[Eu(tta)sbpy] Dy — [ 0.00004

[Eu(tta)sbpy] °Dy — TFy 0.000027
[Eu(tta)sbpy] ®Dy — F5|0.00026 [0.035 [0.12 |0.05
[Eu(TACN)] °Dy — Iy 0.0018

[Eu(TACN)] °Dy — TFy 0.0032

[Eu(TACN)] "Dy — "F»[0.004 [0.22 1.01
[Eu(tta)sbpy] ilm "Dy — "Fy 0.007  [0.023
[Eu(tta)sbpy] ilm  PPD; — "Fy 0.006  [0.023
[Eu(tta)sbpy] film  [°Dg — "F3[0.0034 [0.10 0.5 (1.4
[Eu(trensal-Ph-SMe)][°D; — "Fy 0.00033 [0.0006/0.0038
[Eu(trensal-Ph-SMe)]°D; — "Fy 0.0004 [0.0010/0.006
[Eu(trensal-Ph-SMe)][° Dy — "Fy 0.0004 [0.0024/0.007
[Eu(tta)s(H20)2] °Dy — 'y 0.000025
[Eu(tta)3(H20)o] Dy — "Iy 0.00005
[Eu(tta);(H20)2]  [PDo — "F»|0.00027 |< 10716 ]0.0027

Table 3.5: Variance of the decay times (0(7)), [0(7)]=us) for the °Dy — "Fy, D) — "Fy
and °Dy — "F, transitions as obtained by fitting a single or a sum of exponential
functions for powder samples and in a film of 22.5 molecules/nm? thickness on
Ag(111) at 4.5 K. 7y is the rise time of the initial increase in the intensity of
the °Dy — "F, transition.
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Sample Transition |Arise Aq As As
[Eu(tta)gbpy} 5D1 — 7F1 19.36

[Eu(tta)sbpy] °Dy — TFy 57.27

[Eu(tta)sbpy] °Do — "Fy|—73.81 [4.586 [12.94 [69.58
[Eu(TACN)] °Dy — "Fy 0.94882
[Eu(TACN)] °Dy — TFy 0.54928
[Eu(TACN)] °Dy — "F,|—0.8518(1.0078 [0.4903
[Eu(tta)sbpy] ilm  PD; — "F 0.554 [0.287
[Eu(tta)sbpy] film [°D; — "Fy 1.038 ]0.553
[Eu(tta)sbpy] film  [°Dy — "F»|—1.1470[0.3123 [0.6163]0.7602
[Eu(trensal-Ph-SMe)|°D; — "F} 23.01 [16.398/3.371
[Eu(trensal-Ph-SMe)]° D1 — "Fy 11.836 [10.922(1.936
[Eu(trensal-Ph-SMe)][° Dy — "F; 19.06 [13.63 |5.499
[Eu(tta)g(HQO)g} 5D1 — 7F1 74.545
[Eu(tta)g(HQO)g} 5D1 — 7F2 30.436
[Eu(tta)s(H20)s] °Do — "F,|—74.78 |0.74  [84.537

Table 3.6: Amplitudes (A) for the °D; — "Fy, 5Dy — "F, and 5Dy — "F, transitions as

obtained by fitting a single or a sum of exponential functions for powder samples
and in a film of 22.5 molecules/nm? thickness on Ag(111) at 4.5 K. Ay is the
amplitude of the initial increase in the intensity of the ®Dy — "F, transition.

Sample Transition |02(Ause)|0?(A1) [02(A2)|0?(A3)
[Eu(tta)sbpy] Dy — "R 0.005

[Eu(tta)sbpy] Dy — Iy 0.008

[Eu(tta)sbpy] "Dy — "F3]0.09 0.004 [0.006 [0.009
[Eu(TACN)] °Dy — B 0.00037

[Eu(TACN)] °Dy — TFy 0.00037

[Eu(TACN)] "Dy — "F]0.0008 [0.0028 [0.0029
[Eu(tta)sbpy] ilm [°D; — "Fy 0.011 [0.004
[Eu(tta)sbpy] film [°D; — "Fy 0.008 [0.009
[Eu(tta)sbpy] film  [°Dg — "F3[0.0016 [0.0007 |0.0012[0.0019
[Eu(trensal-Ph-SMe)]°D; — "F} 0.08  ]0.005 ]0.005
[Eu(trensal-Ph-SMe)]P D1 — "Fy 0.017 ]0.006 |0.004
[Eu(trensal-Ph-SMe)]P Dy — "Fy 0.006 {0.005 |0.005
[Eu(tta)g(HQO)g] 5D1 — 7F1 0.007
[Eu(tta)3(HQO)g] 5D1 — 7F2 0.007
[Eu(tta)g(HQO)g] 5D0 — 7F2 0.06 1.571% [0.0007

Table 3.7: Variance of the amplitudes (c?(A)) for the °D; — "Fy, 5Dy — "F, and Dy —

86

"F, transitions as obtained by fitting a single or a sum of exponential functions for
powder samples and in a film of 22.5 molecules/nm? thickness on Ag(111) at 4.5
K. A is the amplitude of the initial increase in the intensity of the Dy — "F}
transition.
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functions describing the decay over time. These amplitudes and their variance are listed in
tables 3.6 and 3.7.

For each sample, the amplitude of each decay process was divided by the sum of all am-
plitudes, excluding A,s.. These ratios were then plotted with the corresponding decay
constant (Fig. 3.35) displaying the contributions of the different decay channels to the over-
all PL decay. For the powder samples of [Eu(tta);(bpy)] and [Eu(tta)s(H20)s] (Fig.3.35
a) and b)) that show a strong PL intensity, most of the signal stems from decays with
long 7ops in the range of several hundred ps. The [Eu(tta)s(bpy)] sample has some minor
contributions of faster decay processes while [Eu(tta)s(H20O)s] is completely dominated by
the decay at 216 ps. This is in contrast to the powder samples of [Eu(trensal-Ph-SMe)]
and [Eu(TACN)] (Fig.3.35 ¢) and d)). Here, most of the PL signal consists of decays with
short decay constants and contributions from larger 7,5 are only minor. The thin film of
sublimed [Eu(tta)s(bpy)] shows larger contributions from faster decay processes than the
powder sample of [Eu(tta)s(bpy)] which is expected due to the additional de-excitation
pathways provided by the substrate and a higher radiative transition rate upon sublimation
(see section 3.6.4).
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Figure 3.35: Relative proportion of the decay constants for different samples. The decay of
the Dy — "F, transition was fitted with a sum of exponential functions. For
each exponential function the ratio of its amplitude to the sum of all amplitudes
excluding the initial rise is plotted against the corresponding decay time.

Summary and discussion

In this section, TCSPC measurements of betadiketonate and platform complexes in powder
were presented. Investigating the PL decay at 540 4 10, 560 £ 10 and 610 £ 10 nm allowed
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to determine the luminescence dynamics of the first and second electronic states of Eu®T,
®Dgy and °D;. While the ®D; state decays immediately after excitation within the resolution
given by the SPADs, the PL intensity of the ® Dy state increases at first for many samples as
a result of the competing processes of the >D; — ° Dy transition and the D, decay. Fitting
this initial rise in the PL signal and the following decay allows to quantify the dynamics of
energy transfer within the Eut ion. This confirmed that the energy is transferred from the
ligands contained in the Eu*t complex to higher excited states first, which then populate
the Dy state by vibronic relaxation.

It was furthermore demonstrated that information on processes on different timescales con-
tributing to the de-excitation can be obtained by fitting a sum of exponential functions to
the PL decay. This allows to deconvolve the contributions of these different processes.

3.6.6 Photophysical properties of [Eu(tta)3(bpy)] on metal as a
function of film thickness

Quite some effort was put in enabling the controlled deposition of complexes on substrates
via sublimation as detailed in section 3.2.2 and 3.3. This allows to grow films with precise
thicknesses on metal substrates which is fundamental to investigate the energy transfer from
the molecule to the metal as will be discussed in this section. These results were published
in [168].

Samples of [Eu(tta)s;(bpy)] films with different thicknesses were prepared by sublimation
on Ag(111). [Eu(tta)s(bpy)] was chosen due to its strong PL emission and controlled subli-
mation characteristic. The [Eu(tta)s(bpy)] material was available as crumbs which is found
to sublime in a more stable manner in comparison to powder. The material was degassed
in the crucible at 150°C for at least 10 h. The samples were prepared by sublimation at
a crucible temperature of 185°C with sublimation times between ~ 1.5 and 10.25 min to
obtain films with a coverage ranging between 3 and 15 molecules/nm?, as callibrated with
the quartz crystal micro balance. The film thickness can then be approximated when the
density of the sublimed material and the area of the quartz crystal are known. Assuming
a density of 1.7 g-em™2 for [Eu(tta)s(bpy)] [173], this corresponds to film thicknesses in the
range of 2.8 to 14.1 nm. The deposition rate was carefully callibrated each time to ensure a
precise film thickness. At a crucible temperature of 185 °C, the deposition rate as monitored
with the quartz crystal microbalance was around zero before opening the shutter and rose
steadily after opening the shutter, as expected.

PL was measured on each sample (Fig.3.36 a)) using set-up B (see section 3.1.3, Fig. 3.3).
For excitation, a 375 nm light source was used. The autofluorescence background was sub-
tracted and the spectra normalized to the °D, — TF} transition. It is apparent that the
ratio of the emission from induced ED transitions and the emission from the MD transition
decreases with decreasing film thickness. This can be explained by the difference in electric
and magnetic dipole transitions as discussed in section 2.4.2. For the modes of an elec-
tromagnetic field with wavevector normal to a metal surface, the electric field has a node
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while the magnetic field has a maximum at the surface. For this reason, the optical set-up
which detects light mostly perpendicular to the surface, favors light from magnetic dipole
transitions. PL spectra from Eu®* complexes are usually normalized to the MD allowed
®Dy — "F) transition, since it is comparably insensitive to environmental changes (see sec-
tion 2.6). However, the presence of the metal surface changes the radiation patterns of ED
and MD emissions differently, leading to a relative decrease of the induced ED transitions.
For this reason JO analysis is not valid for Eu*t complexes on metal substrate. In the
thickest film with 14.1 nm, the most intense emission stems from the ®* Dy — “F, transition
around 610 nm, as expected for Eu*. However, in the thinnest film of 2.8 nm, the intensity
of the ®Dy — "F}, transition is even smaller than the °Dy — 7F; MD transition at ~ 590 nm.

TCSPC was measured on each sample at 4.5 K using the same set-up. A single 30 ps
light pulse with A = 375 nm was used for excitation. The PL decay was fitted with a
single exponential to obtain a single average lifetime for each film thickness (Fig.3.36 b)).
The lifetimes drastically decrease with decreasing film thickness. Fitting the thickness de-
pendent lifetimes 7(d) with a power law according to 7(d) = ¢ - d™ where d denotes the
film thickness in nm, ¢ the offset on the y-axis and m the potential growth, results in
7(d) = (62 4+ 37ns) - {d}*88£031 {d} indicates the value of d without dimension. The
observed decay rate therefore scales according to yops o< d~ 288031 This cubic dependence
is in good agreement with the energy transfer rate of a dipole to a metal surface [46, 49, 80,
82, 83] (see section 2.4.2, Eq. 2.19).
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Figure 3.36: PL spectra and lifetimes of [Eu(tta)s;(bpy)] films with different thicknesses on
Ag(111) at 4.5 K. a) PL spectra of [Eu(tta)s(bpy)] films with thicknesses in the
range of 2.8 to 14.1 nm. The autofluorescence background of the PL signal was
subtracted and all spectra normalized to the 5Dy, — TF) transition. Spectra
shifted for clarity. (Excitation with A = 375 nm). b) Observed lifetime obtained
by fitting a single exponential to the PL decay at 610 = 10 nm of the samples
with different thicknesses. For the TCSPC measurements, the samples were
excited with a single 30 ps pulse, A = 375 nm. Adapted from [168].

Eq. 2.19 allows to compare the experimental decay data to the decay predicted for films
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on metal, using the values obtained from JO theory for [Eu(tta)s;(bpy)] in powder (see sec-
tion 2.7, table 3.1) for Yonraa = 550 Hz and . = 750 Hz. The JO parameters for the
powder sample were preferred over the parameters from the sublimed film since the latter
are expected to be more sensible to the experimental procedure. The model was built by
assuming the first layer of Eu®" ions has a distance to the metal surface of 0.5 nm, which
is roughly half the size of one complex. The distance then increases in increments of 0.1
nm until the film thickness minus 0.5 nm is reached. For each distance increment, the total
decay rate 7,ps is calculated according to eq. 2.19 and the exponential decays for every in-
crement summed up to obtain the total decay. A global factor accounts for the excitation
and detection efficiency which corresponds to an offset on the logarithmic scale. Since the
actual film growth is unknown, the model was evaluated for perfect 2D and 3D film growth.
Perfect 2D film growth means, that the film is completely flat. For a perfect 3D growth, the
film thickness follows a cumulative distribution function. The result is shown in Fig. 3.37.
The experimental data is shown in red, the model for 2D and 3D film growth is indicated
by the dashed black and blue graphs, respectively. The left and right columns show the
same results on a short and a long timescale, respectively. The experimental data is well
between the limits given by 2D and 3D growth. This does not indicate any major addi-
tional de-excitation channel, e.g. by charge transfer from the complex to the metal substrate.

Fitting the decay data for the samples allows to estimate the contribution of emitters at
different distances. The data was fitted with a sum of exponential functions, each function
corresponding to an emitter-metal distance increment starting at 0 going up to 20 nm in
steps of 2 nm. Each exponential decay is described by a decay rate 7,5, using Eq. 2.19.
The resulting distance distribution is shown in Fig. 3.38. It should be pointed out that the
film thickness derived with this method corresponds well with the expected thickness as
calibrated with the quartz crystal microbalance during the sublimation process.
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Figure 3.37: TCPSC measurement of [Eu(tta)s(bpy)] films with thicknesses between 2.8 to
14.1 nm on Ag(111) at 4.5 K. Left and right columns show the same data on
short/large time scale, respectively. Red: TCSPC data, dashed black/blue line:
expected distance dependent decay from dipole radiation dissipating into the
metal for a perfect 2D/3D film growth, respectively. The data was recorded
using a 610 4+ 10 nm band-pass filter. The samples were excited with a single
pulse of 30 ps, A = 375 nm. Adapted from [168].
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Figure 3.38: Fitted TCPSC data of [Eu(tta)s(bpy)] films with thicknesses between 4.7 and
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14.1 nm on Ag(111) at 4.5 K. Left column: TCSPC data (black) with multi-
exponential fits (red). Right columns: contribution to the PL signal of layers

at different distances to the metal substrate as obtained from the fits. Adapted
from [168].



3.6. RESULTS ON PHOTOPHYSICAL PROPERTIES OF EU*" COMPLEXES.

Summary and discussion

The impact of a metal substrate on the luminescence of molecules was discussed in this
section. PL and TCSPC was measured on thin film samples of [Eu(tta)s(bpy)] on Ag(111)
with decreasing thicknesses down to 2.8 nm. The PL data shows a changing ratio of the
induced ED and MD emission bands with film thickness. This was attributed to the different
characteristics of the electric and magnetic modes of the electromagnetic field in proximity
to a metal surface. The observed lifetime derived from TCSPC experiments show a cubic
dependence on the film thickness. This is taken as a strong indication for the reduction
in lifetime due to energy transfer to the metal as is known from literature. This is further
supported by comparing my data to the according model. The experimental data is well
between the limits given by perfect 2D and 3D film growths. The energy transfer to the
metal surface is therefore considered the main mechanism reducing luminescence in the far
field, while quenching due to efficient electron transport from molecule to the substrate is not
necessary to describe the observed decays. Finally, deconvoluting the PL decay by fitting
a sum of exponential functions reveals the contributions to the emission from molecules at
different distances to the substrate. This confirms the preciseness of the sample preparation
via sublimation in regard to film thickness.
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4 Graphene nanoribbons

This chapter discusses the most significant findings during my 1.5 years of research at the
University of Bayreuth. While some of the observations require more thorough investiga-
tions for a fundamental understanding, they continue the promising work done by the group
of Prof. Enders connecting to the previous findings and extending current understanding.

Semiconductors are at the basis for most of our modern electronic devices. The most
prominent use is the formation of a transistor. A device first thought of by J. E. Lilienfeld
in 1925 that is able to control circuits electrically which in turn allows them to be organized
in logical gates. Traditionally, silicon is used in semiconducting devices due to its electronic
properties and suitable bandgap. However, the desire to downsize electronic devices, reduce
production costs and opening up new application areas advances the research of semicon-
ductors and pushes silicon devices to their limits. In recent years, many graphene based
devices were reported [174], including field effect transistors [2, 3], as well as devices with ap-
plications in quantum electronics [21-23], spintronics [12, 24, 25] and optoelectronics [26-28].

Graphene consists of sp? hybridized carbon atoms [174] arranged in a two-dimensional,
hexagonal lattice with a lattice constant of 246 pm [175]. Up until 2004 the fabrication of
such a two-dimensional sheet was considered to be impossible - or at least very difficult,
since it was regarded thermodynamically unstable. However, K. S. Novoselov et al. managed
to fabricate two-dimensional graphene sheets as well as a field effect transistor made out of
several layers of graphene by cleaving a highly ordered pyrolitic graphite (HOPG) crystal
[4]. HOPG consists of many stacked layers of graphene that are bound via valence force,
which is much weaker than the covalent bonds within the individual sheets. This allows to
subsequently separate graphene sheets by the simple use of adhesive tape.

The electrons in the 2py and 2p, orbitals form o bonds, while the 2p, orbitals form
bonds, leading to delocalized electrons in the 7t and 7t* bands. The electrons in these bands
form an electron gas, which makes graphene a highly conducting material. Looking at the
dispersion in the Brillouin zone (Fig.4.1), the semi metallic character is apparent. The con-
duction band and valence band touch only at the K and K’ points, forming a Dirac cone.
This implies that graphene is a zero bandgap semiconductor. Since the dispersion relation is
linear in proximity to Dirac cones, the electrons can be treated as mass-less fermions [176],
resulting in an exceptionally high charge carrier mobility.

A graphene sheet can be considered an extended 7-electron system which allows the electrons
to move freely along the plane of the sheet as an electron gas. When one dimension of the
sheet is sufficiently reduced, the movement of the electron is confined in this direction
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Figure 4.1: Dispersion of graphene in the 2d Brillouin zone. Valence band (VB) hosting
electrons and conduction band (CB) hosting holes touch at the K and K’ points
thus forming dirac cones. From [177].

which leads to discrete energetic niveaus analogous to the quantum mechanical model of
an electron confined in a potential well. The energetic separation between the first niveau
above the Fermi energy (LUMO) and the last fully occupied niveau closest to the Fermi
energy (HOMO) defines the bandgap. A strip of graphene with finite width in one direction
is called a graphene nano ribbon (GNR). The width of GNRs is usually in the range of 4
to several 10 atoms. In reality, GNRs consist of a network of carbon atoms with significant
confinement in at least one direction. They can therefore be considered as molecules. The
bandgap of these molecules is inverse proportional to their width [8-10]. Several methods
have been developed to tune this bandgap, making it suitable for electronic applications.
These methods include modifying the width [8-11] and edge structure [12, 13] of the GNR,
inducing porosity [17-20], or doping [15, 16].

4.1 Synthesis

While the first attempts to obtain GNRs relied on lithography for masking graphene with
nanowires before edging [6] or unzipping carbon nano tubes [5], the bottom-up-approach
developed by J. Cai et al. [7] allows to synthesize GNRs out of molecular building blocks
called monomers. This opens the possibility to deposit monomers on a substrate and in-
duce the synthesis by heating. There are different methods of depositing monomers onto
the substrate as will be discussed in section 4.3.2. The synthesis of GNRs using the bottom-
up-approach is depicted in Fig.4.2. The idea behind this approach is to follow the Ullmann
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reaction [178] by using monomers with two or more halogen atoms that can act as linkers.
When energy is supplied to the monomers, usually in the form of heat (~ 200°C), the
halogen bonds break first. The so formed radicals allow the monomers to undergo poly-
merization. At this stage, the polymer consists of phenyl moieties attached to a backbone.
The phenyl moieties are subject to interactions with their neighbors as well as interaction
with the substrate. A second annealing step at a higher temperature (~ 400°C) induces
cyclodehydrogenation. This refers to the hydrogen-carbon bonds breaking, which leads to
the formation of new bonds between the phenyl moieties, thus extending the delocalized
m-electron system. These newly formed bonds force the phenyl rings to lie flat on the sub-
strate, planarizing the molecule. Usually, the molecule is only referred to as a GNR after
the cyclodehydrogenation and planarization step.

Monomers A f Biradical intermediate phase

O O O O Dehalogenation O O O O
ZO+O5O.. mp | OO+0 0.

Br O O Br Br O O Br 200 oC 0.0 - -
l Polymerisation

4

Graphene
nanoribbon

Cyclodehydrogenation

-

400 °C

Figure 4.2: Synthesis scheme of the bottom-up-approach exemplary shown for chevron pre-
cursors with a 90° bonding angle (C90-precursors). Polymerization by dehalo-
genation and planarization by cyclodehydration are induced by heat. The bonds
forming the polymer backbone after polymerization are highlighted in blue. The
bonds planarizing the phenyl rings after cyclodehydrogenation are highlighted
in orange.
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4.2 Bandgap engineering

Modifying the bandgap of a material is crucial for its application in electronic devices. The
bandgap of GNRs can be modified by changing the width of the ribbon [8-11], its edge
structure [12-14], inducing porosity [17-20] or doping [15, 16]. The edge structure refers to
the structure of the longer side of the ribbon. Some common shapes include chevron GNRs
(C-GNRs), armchair GNRs (A-GNRs), and zigzag GNRs (z-GNRs). Fig. 4.3 illustrates how
these GNR shapes relate to the hexagonal structure of the graphene lattice.
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Figure 4.3: Illustration of different edge structures of GNRs relating to the graphene struc-
ture: chevron GNR (C-GNR), zigzag GNR (z-GNR) and armchair GNR (A-
GNR).

The bandgap of A-GNRs is generally considered decreasing with its increasing width, until
it disappears when transitioning to graphene sheets [8-11]. A-GNRs can be divided into
three subgroups according to their width: 3n, 3n+1 and 3n+2. The integer n refers to the
amount of C-C dimers across the width of the GNR. A-GNRs with a width of 3n and 3n+1
exhibit a bandgap while the group of 3n+2 have metallic character [179]. The size of the
bandgap increases according to 3n+1 > 3n > 3n+2 8, 11].

When projecting the 2d dispersion of A-GNRs onto the 1d Brillouin zone, the K and K’
point are projected onto the I' point which causes the Dirac cones at K and K’ to meet at the
center of the Brillouin zone [179, 180]. Depending on the momentum, A-GNRs can therefore
be metallic or semiconducting. For Z-GNRs the edge runs along a different direction, which
causes the K and K’ points to be projected onto different points within the 1d Brillouin zone
that are connected by a flat band at the Fermi level [179, 180]. For this reason, Z-GNRs are
usually considered metallic. The flat band connecting the K and K’ points causes localized
edge-states exhibiting magnetic moments which makes Z-GNRs interesting for spintronic
applications [12, 24, 25].

Porous GNRs can be synthesized by utilizing monomers with a halogen bonding angle
of 30° instead of 90° [18-20, 33|. Since their bandgap is dominated by the porosity and not
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the width, extended porous graphene sheets with a non zero bandgap might be possible.
The importance of the halogen bonding angle is depicted in Fig. 4.4 showing how C-GNRs
are formed by C90-precursors while fusing C30-precursors results in porous GNRs.

C90-GNR C30-GNR
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Figure 4.4: Illustration of the importance of the halogen bonding angle for the structure
and porosity of the GNR. C90-precursors have a 90° halogen bonding angle,
resulting in solid chevrons. C30-precursors feature a 30° halogen bonding angle,
resulting in porous GNRs. The bonding angle refers to the angle between the
bond formed by dehalogenation to the symmetry axis of the monomer.

4.3 Experimental set-up

In the following section, the experimental details for the work in the group of Prof. Axel
Enders at the University of Bayreuth will be described, outlining the experimental set-up,
sample preparation procedures and molecular material.

4.3.1 UHV set-up

The UHV set-up used for the experiments at the group of Prof. Axel Enders from the Uni-
versity of Bayreuth has already been discussed in great detail [33] and will only be described
briefly here.

The UHV set-up consists of a load-lock chamber, a preparation chamber and an STM
chamber separated by gate-valves. Initially, the instrument consisting of the STM cham-
ber and the load-lock was bought from Scienta Omicron in 2007. It was later extended
by the preparation chamber when the group of Prof. Axel Enders was still located at the
University of Nebraska-Lincoln. The set-up was then disassembled and shipped to the Uni-
versity of Bayreuth by Dr. Christoph Dobner in 2019 who refurbished the set-up during his
work as a PhD student. I then took over the set-up in 2022 only making minor modifications.

The load-lock attached to the preparation chamber is used to transfer samples into the
UHV system and for preparing samples via direct contact transfer (DCT) (see section 4.3.2).
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The load-lock is pumped by a rotary pump and a turbo-molecular pump. The preparation
chamber is either pumped via a rotary pump and a turbo-molecular pump or via an ion
getter pump. Additional TSP flashes help to decrease the pressure. The pressure in the
preparation chamber is in the range of 107® — 10~ mbar. A sputter gun (Prevac, IS /0C1)
is attached to the preparation chamber for cleaning the sample via sputtering with Ar™ ions.
A manipulator attached to the preparation chamber allows to move the sample in the UHV
system. Attached to the manipulator is a sample stage, equipped with a filament that allows
heating the sample via electron bombardment. The STM chamber and the STM head are
still mostly as purchased. A LN, bath cryostate is positioned on top of the STM-chamber.
The STM head can be attached to the cryostate for good thermal contact or suspended by
springs to reduce noise while measuring. The chamber is pumped via an ion getter pump
and TSP flashes.

4.3.2 Sample preparation

Preparing a sample for STM measurements requires cleaning the substrate first and de-
positing molecules on top of it afterwards. For depositing molecules two methods were
used, direct contact transfer (DCT) and electro-spray deposition (ESD). The cleaning pro-
cess and the deposition methods are described in the following sections.

Substrate cleaning

As substrates, commercially purchased metal single crystals are used. Three cycles of sput-
tering and annealing in UHV conditions are usually sufficient for achieving a clean and flat
surface. Sputtering is done by bombarding the surface with Ar™ ions accelerated by 2.0 kV
by the sputter gun. This is followed by annealing the sample to approximately 650 °C.

Direct contact transfer deposition

A very common method to deposit molecules on a substrate is sublimation. However, this
requires knowing the sublimation temperature and thermal stability of the molecules. For
this reason DCT [18; 29, 30, 33], also referred to as direct contact printing or stamping may
be preferred. DCT is done by first spreading the powder of the molecules on a clean flat
surface with a spatula. A stamp consisting of a Kimtech precision wipe attached to a metal
holder is then tapped into the powder. The stamp is then attached to the transfer rod in
the load-lock. After pumping the load-lock, and transferring the sample into it, the stamp
is gently pushed against the edge of the substrate, applying some of the powder on the
surface. Fig. 4.5 shows a substrate before and after depositing molecules on the edge. After
stamping, the sample is transferred into the preparation chamber. The sample is heated
gradually to temperatures around 450 K until the powder completely melts. Depositing the
material at the edge of the substrate has two advantages: On the one hand, it minimizes
damage to the crystal by the physical contact. On the other hand, it creates a reservoir of
molecules on one side of the sample. Upon annealing, the molecules diffuse over the surface,
creating a gradient of the coverage. This allows to investigate different coverages on the
same sample. Furthermore, if stochiometric mixes of two molecular powders are applied,
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the difference in diffusivity across different molecules may create a gradient in the ratio of
these different molecules. This was exploited for creating heterostructures in the past [29,
33].

Before DCT deposition After DCT deposition

Figure 4.5: Pictures of a Au(111) substrate before and after depositing molecules via DCT
at the edge of the crystal. The white powder of the molecules is highlighted by
the red oval.

Electro-spray deposition

The set-up for ESD was built by Dr. Felix Baier [30] at the University of Bayreuth as part
of his work as a PhD student. For depositing molecules on a substrate via ESD, they have
to be dissolved in a suitable solution. The solution is then drawn up by a syringe and the
syringe positioned in a syringe pump. High voltage is applied between the cannula of the
syringe and the substrate which causes the solution to disperse into an aerosol when the
syringe is squeezed due to coulombic repulsion. This fine aerosol consists of microdroplets
with a size of several wm [30] that is accelerated towards the substrate. Spraying is done in a
glove box with inert gas atmosphere. After spraying, the sample is transferred into the UHV
set-up in a passive vacuum suitcase. The pressure within the vacuum suitcase goes up to
102 mbar during sample transfer [30]. Moderate annealing reduces possible contamination
after the transfer.

4.3.3 Overview of GNR precursors

An overview of the precursors used for the on-surface synthesis of polymers and GNRs is
provided in this section. The precursors are shown in Fig.4.6 and their full names are
listed below. The precursors were synthesized by Dr. Mamun Sarker at the University of
Nebraska-Lincoln.

. C30 [31-33]:
Triphenylene, 7,10-dibromo-1,2,3,4-tetraphenyl- (ACI)

« C30-4Br:
Triphenylene, 1,4-diphenyl-2,3-bis(4-bromophenyl)-7,10-dibromo- (ACI)
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« T30: [18-20, 30, 33]
Triphenylene, 7,10-dibromo-1,4-diphenyl- (ACI)

o T90:
Triphenylene, 6,11-dibromo-1,4-diphenyl- (ACI)

C30 C30 4Br T30 T90

Ko o 0RO

Figure 4.6: Structure drawings of GNR-precursors.

4.4 Self organization and electronic properties of GNRs

I started my work by reproducing the adsorption behavior of T90-polymers and T30-GNRs
to verify the sample preparation procedure and functionality of the instrument. Further-
more, the difficulties in obtaining heterojunctions from the on-surface synthesis of molecules
with 30° bonding angle are outlined. The main focus is put on the self-assembly of C30-4Br-
precursors and GNR structures exhibiting different packing and characteristics depending
on the coverage and sample preparation method.

4.4.1 T90 polymeric phase

The first precursors used for synthesizing GNRs via the bottom-up-approach featured a
90° bonding angle [7]. Choosing this angle allows to grow long and straight GNRs. For
this reason, a 90° bonding angle was also used for growing C-GNRs from C90-precursors as
well as truncated C-GNRs from T90-precursors by the group of Prof. Enders [33]. GNRs
synthesized from T90-precursors are A-GNRs that are nine carbon atoms and posses phenyl-
sized notches in regular distances along both edges. This unique structure has been shown
to modify the band-gap [33]. Since T90-GNRs grow in long, well ordered chains they were
used as a starting point to familiarize myself with the sample preparation before moving to
new precursors. The polymeric phase of T90 is shown in Fig.4.7. The sample was prepared
by depositing T90-precursors via DCT on Au(111) followed by annealing. The temperature
was slowly increased to 124°C during a period of 20 min. The T90-polymers align in
parallel due to the inter-molecular interaction, thus forming islands (Fig.4.7 a)). In figure
4.7 b) the polymer backbone and the phenyl sites can be distinguished. The backbone has
the same apparent height in the STM-topology image, indicating an extended 7-electron
system. However, there is a contrast between the backbone and the phenyl sites, which
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means the phenyl rings are not planarized on the Au(111) surface and are not part of the
delocalized 7-electron system. The contrast between backbone and sites is a clear sign that
cyclodehydrogenation did not yet take place and we are looking at the polymeric phase.
The T90 islands follow the herringbone reconstruction (Fig. 4.7 ¢)) or align along step edges
(Fig. 4.7 d)).

Figure 4.7: T90-polymers on Au(111). a) Polymers islands. (0.9 V, 1 nA). b) Close-up
image of two adjacent polymers with assumed structure overlaid. (0.9 V, 1 nA).
c¢) Polymer islands aligning with the herringbone reconstruction. (0.9 V, 300
pA) d) Polymer chains aligning along Au step edges indicated by red lines. (0.3
V, 300 pA).

4.4.2 T30-GNRs

T30-precursors are a variation of T90-precursors with the halogen atoms placed at a 30°
instead of a 90° angle to the symmetry axis of the molecule (see Fig. 4.8 b)). This leads to
A-GNRs featuring nano pores [18-20, 33| (Fig.4.8 ¢)). To my knowledge, the growth and
electronic properties of these molecules were first reported by the Enders group [18, 33]. For
this reason, they were used as a starting point for the characteristics of molecules resulting
from precursors with 30° halogen bonds. A sample was prepared via electro-spraying from a
Img/10ml acetone solution. The solution was sprayed at a rate of 3 pul/min at a voltage of
3.4 kV for 10 min on a clean Au(111) crystal at room temperature in inert gas atmosphere.
The sample was then annealed for 15 min in UHV after ramping the temperature up to
110°C over a period of 18 min followed by annealing a second time for 23 min at 230°C
after ramping the temperature up over 23 min. The sample was transferred into the 77 K
STM system in a vacuum suitcase and annealed shortly at 130°C for less than one minute
before taking STM measurements. This preparation resulted in a sample covered with close
to one ML of T30-GNRs (Fig. 4.8 a)). The growth of the GNRs is hindered by defects but
also by the halogens being placed at a 30° angle, which opens the possibility for dendritic
growth. On this sample, the dendritic growth is mostly suppressed due to the high coverage
in favor of ordered linear chains, that allow higher packing.

dI/dV maps of T30-GNRs are shown in Fig.4.9. There are states localized at the pores
of the GNR at 1.5 eV (Fig.4.9 b)) that have been shown to form delocalized states when
two or more T30-GNRs are laterally linked [18]. The differential conductance close to
the Fermi energy at -0.1 V (Fig.4.9 d)) shows vanishing conductance along the GNR. At
this voltage, the dI/dV map shows comparatively high conductance within the pores and
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Figure 4.8: a) STM topography of T30-GNR growth on Au(111). (1.5 V., 300 pA). b) Struc-
ture of a T30-monomer. c¢) Structure of a T30-GNR.

along the edges of the GNRs which might arise from probing the underlying substrate [19],
although significant differential conductance was reported for T30-GNRs at -0.27 V [33]. In
contrast, the differential conductance at 0.7 V (Fig.4.9 c¢)) is not entirely determined by
the substrate but does also not show a strong indication of conductivity along the GNR.
At -1.5 V (Fig. 4.9 e)), the differential conductance is highest along the 7-electron system.
While a state localized at the pores and along the edges at negative voltages was reported
[19, 20], other findings conclude that the pore state only emerges when two or more GNRs
are laterally fused [29]. My findings are more in line with the latter. The strong differential
conduction at 1.5 V and -1.5 V are in agreement with literature [18-20, 33].
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Figure 4.9: a) STM topography of two adjacent T30-GNRs. (-0.1 V, 1 nA). b) - e) corre-
sponding dI/dV maps at different bias voltages. Depending on the bias voltage,
the states are located at the pores (b), or at the delocalized electron system (e).

4.4.3 T30-C30-GNRs

A sample of T30-C30 heterostructure GNRs on Au(111) was prepared via DCT. The sample
was annealed gradually to 127 °C over a period of 27 min to promote diffusion. It was then
annealed gradually to 180 °C over 44 minutes to induce polymerization and cyclodehydro-
genation. At high coverage close to 1 ML, the molecules align in chains with lengths of
several ten nanometers therefore forming GNRs (Fig.4.10 a)). At high coverage, the steric
hinderance forces the molecules to pack into longer GNRs to increase the packing. These
GNRs show the tendency to align in parallel in domains with 60° orientation to one another
following the symmetry of the herringbone reconstruction (Fig.4.10 a)). This is in agree-
ment with previous work [33]. Fig.4.10 b) shows a spot on the sample with low coverage
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(<« 1 ML) after annealing the sample again to 228 °C within 30 min to improve stability.
In contrast to the long chains of GNRs at high coverage, the GNRs assemble into islands
in areas with low coverage. The growth of these islands is of dendritic nature and hardly
impacted by the herringbone reconstruction of the Au(111) surface.

Fig.4.10 ¢) shows an isolated triangular molecule synthesized out of three C30-4Br-precursors.
Although the formation of molecules with C3 symmetry seems obvious due to the 60° angle
between the two halogen bonds, it is rarely observed on samples prepared by DCT [33].
Isolated GNRs at an area of low coverage show the tendency to follow the herringbone re-
construction of Au(111), as expected (Fig.4.10 d)).

Since T30- and C30-precursor powders were mixed before the DCT-process, they are ran-
domly distributed on the surface. The stochiometric ratio of T30- and C30-molecules does
not change significantly across the surface of the substrate. This is in contrast to what was
reported for samples of T90-C90-heterostructures [29], where the ratio of both molecules
changed depending to the stamping area due to the different diffusivities of both molecules.
It can be rationalized that the 30° bonding angle favors dendritic growth which induces
an element of randomness. For this reason, finding a heterojunction is a matter of luck.
Figure 4.10 e) displays a heterojunction with C30 at the top and T30 at the bottom. The
corresponding dI/dV map at 0.2 V in Figure 4.10 f) shows a delocalized edge state along
the T30 edge, as well as states localized at the pores of the GNR, while the edge along the
C30 part is dark indicating a minimum in the differential conductance. The scan direction
was chosen perpendicular to the length of the GNR to rule out an effect by the latency of
the feed-back loop. A state localized at the pores is not expected [33] and conductance at
these locations might arise from probing the substrate. However, the T30 edge state and
the minimum in differential conductance along the edge of C30 can clearly be differentiated
from the substrate. A small differential conductance at 0.2 V could arise from the tails of
the state at -0.22 V and -0.27 V reported for C30- and T30-GNRs, respectively [33].

Fig.4.10 g) provides a close-up view of T30-C30-heterostructures. The individual shapes
of the molecules are clearly distinguishable which allows to estimate their intactness. 65%
of the investigated molecules show defects. This high amount makes growing long defect
free GNRs unlikely. Within the scope of this thesis only the small area shown in Fig.4.10
g) was used for determining the ratio of intact to not intact GNRs, so the high amount
of defects could be a result of the small sample size. However, this finding seems to be in
agreement with previous results conducted on samples that were manufactured from the
same molecular material [33]. A more thorough study on this topic would need to be con-
ducted to draw conclusions on the origin of the defects. So called bite-defects which are
missing phenyl moieties in GNRs were reported to originate from phenyl cleaving during the
cyclodehydrogentation step in the on surface synthesis route [181]. However, a large amount
of defects might rather indicate deterioration of the precursor material which is more likely
due to its age of several years.
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Figure 4.10: STM topography of a) T30-C30-GNR-heterostructures on Au(111) at high cov-
erage (0.9 V, 300 pA) and b) low coverage (0.9 V, 300 pA). c¢) Isolated closed
GNR triangle. (0.9 V, 300 pA). d) A single GNR aligned with the herringbone
reconstruction. (0.9 V, 300 pA). e) GNR heterostructure of C30 on the upper
side and T30 on the lower side (0.9 V, 300 pA) with d) corresponding dI/dV
map and structure exemplary overlaid (0.2 V, 1 nA). g) C30-T30 heterostruc-
ture GNRs with structure overlaid highlighting defects. (0.9 V, 300 pA).

4.4.4 C30-4Br-GNRs

Since the electronic properties of porous T30-GNRs seemed promising, precursors with 4
halogen bonds were investigated. These precursors called C30-4Br are a variation to the
C30-molecules featuring two additional Br atoms (Fig.4.11 a)). Similar molecules were pro-
posed by M. Gille et al. [182] for the fabrication of porous GNR sheets but their on-surface
synthesis has not yet been investigated.

A sample was prepared by stamping C30-4Br-precursors on Au(111) via DCT followed
by annealing at 100°C for 60 min to promote diffusion. Annealing at this moderate tem-
perature leads to molecules assembling into chains with short range order. At high coverage
(Fig.4.11 b)), domains of such chains aligning next to each other are present. One of these
domains is highlighted by parallel red lines. These domains have a 60° orientation to one an-
other induced by the threefold symmetry of the herringbone reconstruction that is depicted
by the three red arrows. At low coverage, the molecules assemble into dendritic islands,
again consisting of molecular chains with short range order (Fig.4.11 ¢)) following the her-
ringbone template to some extent. While there are reports on the on-surface polymerization
at temperatures below 100°C [183-185] sufficient debromination for larger molecules such
as C30-4Br is expected at higher temperatures close to 200°C [18, 33]. Fig 4.11 b) and
c) are therefore not depicting the polymeric phase but the self-assembly of individual pre-

106



4.4. SELF ORGANIZATION AND ELECTRONIC PROPERTIES OF GNRS

cursors. The self-assembly is driven by the interaction between the molecules and between
the molecules and the surface. The non-covalent halogen-halogen and halogen-hydrogen
interactions across molecules is a known driving mechanism for the self-assembly of organic
molecules on metallic surfaces [186-188].

Annealing the sample at 350°C for about 1 min leads to cyclodehydrogenation (Fig4.11
d)). The phenyl moieties are now planarized on the surface and the island appears flat with
no inter-molecular contrast indicating a delocalized 7-electron system. The islands at areas
with coverage below 1 ML consist of unordered molecules similar to the islands of precursors.
As expected, annealing at high temperatures for a short period of time induces cyclodehy-
drogenation without changing the self-assembly or long range order. Fig.4.11 e)-g) show
samples prepared by ESD. C30-4Br-precursors in acetone solution with a concentration of
1 mg/10 ml were sprayed on clean Au(111) at a rate of 3 ul/min for 10 min in inert gas
atmosphere with a voltage of 3.29 kV. The sample was then transferred in the UHV system
in a vacuum suitcase to avoid contamination with atmosphere and annealed by ramping the
temperature up to 103°C over a time span of 40 min. The sample was annealed in three
more steps, at 120°C for 10 min, 140°C for 20 min and 180°C, checking the adsorption
and stability of the molecules each time with STM. The STM topography shows multilayers
of unordered molecules. (Fig.4.11 e)). Choosing different parameters for ESD, a cleaner
sample more suitable for STM was obtained. A solution with the same concentration of 1
mg/10 ml was sprayed at a rate of 4 ul/min onto clean Au(111) at 3.34 kV. The sample
was then annealed by ramping the temperature up to 108°C over 17 min, and to 211°C
over 20 min. This resulted in a sample with coverage close to 1 ML with some multilayer
formation (Fig.4.11 f)). The stacking characteristic becomes more apparent in Fig 4.11 g).
The star-shape of the molecules is apparent in the bottom layer and the upper layer. The
interaction between the layers is assumed to be due to 7t — 7t overlap.

Figure 4.12a) shows an island of C30-precursors. The backbone of the chain can be distin-
guished as a longitudinal darker flat area on the Au(111) surface surrounded by butterfly
shapes that consist of 4 phenyl rings. It can be rationalized that the backbone is formed
by the more ridged part of the precursors that lies flat on the surface. The rest of the
phenyl rings are free to rotate along their bond which allows them to increase the overlap
of the m-orbitals. Similar behavior was observed for T30-polymers [33]. The combination
of m-m-interaction and halogen-halogen bond formation is assumed to be the main driving
mechanism for the island formation. The assumed molecular structure of the chains aligned
next to each other is displayed in Fig.4.12 b). Higher contrast areas indicate a stacking in
z-direction due to close packing. The data of the cross-sections as indicated in Fig.4.12 a)
are shown in Fig.4.12 ¢) and d). The rotated phenyl rings have an apparent height variation
of approximately 40 pm as shown in Fig.4.12 ¢), cross-section 1). Cross-section 2 shows the
apparent height variation of roughly 10 pm along the backbone. When the brominated
phenyl moieties stack on top of each other, the apparent height variation is increased to
about 50 pm (Fig.4.12 c), cross-section 3). Cross-section 4) and 5) in figure 4.12 d) show
the height difference between the substrate and the backbone, and the height difference
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a)

Br. Br

Br Br

Figure 4.11: STM topography overview of C30-4Br-precursors and GNRs on Au(111) pre-

pared by DCT (b-d) and ESD (e-g). a) Structure drawing of C30-4Br-
precursors. b) Chains of precursors forming ordered domains at a coverage
close to 1 ML. One domain is highlighted by the parallel red lines. The domains
follow the threefold symmetry of the herringbone reconstruction indicated by
the red arrows. (0.9 V, 300 pA) c) Precursors assembling into islands consisting
of molecular chains. (2.0 V, 300 pA). d) Islands of molecules after cyclodehy-
drogenation at coverage below 1 ML. (1.5 V, 300 pA). e) Planarized molecules
at coverage close to 1 ML. (1.2 V, 300 pA). f) Planarized molecules at coverage
above 1 ML. (1.0 V, 300 pA). g) Close-up view of the multi-layer stacking. (1.0
V, 300 pA).

between the substrate and the adjacent chains, respectively.
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Figure 4.12: a) STM topography of C30-4Br precursor chains on Au(111) with positions

of cross-sections. b) Molecular models superimposed to scale showing the ar-

rangement of molecules. ¢) Cross-sections of 1)-3). d) Cross-sections 4) and 5).
(2.0 V, 300 pA).

4.4.5 Summary and discussion

The most relevant findings of my studies of self-assembled GNR structures on surfaces were
presented in this section. As a starting point, the polymeric phase of T90 was imaged with
STM to familiarize myself with the experimental procedures and verify working principles in
preparation for my studies of GNR heterostructures and two dimensional sheets. Building on
my predecessor’s work [33], samples of T30-GNRs were then prepared, showing the growth
characteristic and their potential for manufacturing porous GNRs with unique electronic
properties. These properties were investigated with dI/dV maps. The potential of these
GNRs for forming two dimensional carbon sheets with a band-gap is substantiated by other
work focusing on electronic states localized at the pores that has been published after I
switched my topic of research [18-20]. The adsorption behavior and self-assembly of samples
prepared by depositing a mixture of T30-C30-precursors were investigated as a potential way
to fabricate porous nanostructures, giving a first indication on the electronic properties of
such a heterostructure and outlining difficulties to overcome. Finally, STM topography of
C30-4Br-GNRs is presented, demonstrating the growth characteristics of samples prepared
by DCT and ESD. To my knowledge, no reports exist on the C30-4Br-precursors used for
the on-surface synthesis, yet.
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The aim of this thesis was on the one hand to study GNR nanostructures in the group of
Prof. Axel Enders at the University of Bayreuth and on the other hand to investigate the
photophysical properties of Eu**t complexes with the y-STM in the group of Prof. Wulf
Wulfthekel at the KIT.

Investigating GNRs was a great starting point to familiarize myself with UHV systems
and the working principle of an STM. Combining the bottom-up-approach for on surface
synthesis with the DCT deposition technique is a powerful method for obtaining a gradient
in the coverage on the sample. This allows to investigate the self-assembly of nanostructures
at different coverage on the same sample. T90-polymers were used as a starting point since
they grow in nicely ordered chains which makes them comparably easy to scan in STM
topography. Building on previous work done by my colleague, I moved on from well estab-
lished molecules to the T30-precursors first reported by the group of Prof. Enders. Their
30° bonding angle allows manufacturing porous GNRs which leads to unique electronic
properties. For this reason, porous GNRs synthesized from T30-precursors have since been
subject of three publications, one of which from the Enders group [18] and one from its
collaborators [20]. Heterostructures were manufactured by depositing a mix of C30- and
T30-precursors via DCT. Measuring the differential conductance allowed to verify the prin-
ciple of obtaining heterostructures with unique electronic properties. This is a promising
starting point for future experiments. Heterostructures could potentially be manufactured
in a more controlled manner when exploiting the different diffusivities of precursors. Simi-
lar experiments were published by the group in the past [29]. Furthermore, precursors and
GNRs of C30-4Br-molecules were shown in STM topography. The precursors were found to
form ordered domains at areas with high coverage. This could potentially be exploited for
obtaining porous nanostructures with long range order. To my knowledge, no reports exist
on these molecules, yet.

My research at the group of Prof. Wulthekel focused on the photophysical properties of
Eu*t complexes. The unique electronic structure of these complexes leads to sharp emis-
sion lines from long lived states. This makes them interesting to investigate with the y-STM
that allows to combine STM topography with luminescence experiments. A major focus of
my work was understanding and optimizing the sublimation process for preparing samples.
This required modifying the UHV system by adding a pumping line to the evaporator and
later moving the evaporator from the preparation chamber to the load-lock. This increased
the flexibility and ease of use when working with the evaporator which was required for the
extensive sublimation tests. The sample preparation was constantly checked with STM to-
pography. Starting with the betadiketonate complexes [Eu(btfa)s;(bpy)] and [Eu(tta)s(bpy)],
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it soon became obvious that thorough experiments on the sublimation parameters are nec-
essary. Implementing the quartz crystal microbalance to callibrate the deposition rate was
an important improvement and a key factor for depositing the desired molecules on the
substrate. Identifying the intactness and orientation of the complexes on the surface is
still challenging, but the insights provided in this thesis regarding purifying the molecular
material by degassing pave the way for future experiments, especially when approaching lu-
minescence from single molecules. Next to STM topography of the betadiketonate complexes
[Eu(btfa)s(bpy)], [Eu(tta)s(bpy)] and [Eu(tta)s(Hs0)s], images of the platform complexes
[Eu(trensal)|, [Eu(trensal-O-Bn)], [Eu(trensal)Ph-SMe] and [Th(Tacn)] were provided in
this work. To my knowledge, no reports on [Eu(trensal-Ph-SMe)], [Eu(trensal-O-Bn)] and
[Tb(TACN)] exist, yet.

Electro-luminescence of Eu?t complexes which was considered straight-forward to achieve
at first was not observed. The idea was to excite luminescence with tunneling electrons,
which was successfully done in the past by the Wulfhekel group [60-62]. Complexes were at
first deposited on an insulating layer of NaCl on Au(111), a technique also previously used
to reduce quenching by electron transport to the substrate. Later complexes expected to
self-decouple from the substrate were deposited on Ag(111) due to its low absorbance across
a wide wavelength range. Different tunneling parameters were tested based on the expertise
gained from previous experiments. However, there was no clear indication on light emission
due to electro-luminescence.

Experiments on bulk samples prepared by subliming complexes on glass substrates proofed
the feasibility of performing PL experiments on sublimed samples. Comparing the PL spec-
tra of sublimed samples and samples drop-casted from solution furthermore demonstrated
how different sample preparation methods and the resulting film growths are reflected in
the PL spectra. The PL decay dynamics of these samples where supplemented by TC-
SPC measurements of powder samples and complexes in solution. A comparison between
[Eu(btfa)s;(bpy)] and [Eu(tta)s;(bpy)] that are similar in structure and [Eu(tta)s(Hy0),]
which features water ligands further proofed the principle of determining quenching mech-
anisms inherent to inter-molecular vibrations, as well as quenching due to interaction with
the surrounding medium.

The implementation of the quartz crystal microbalance to callibrate the deposition rate was
an important improvement and a key factor for growing molecular films with precise thick-
nesses. These films played a fundamental part in understanding the excitation, relaxation
and charge transfer dynamics within Eu®*" complexes. Thin film samples with controlled
thicknesses could thus be prepared. This allowed me to compare nominally identical samples
of films sublimed on dielectric and metallic substrates. This improved the understanding of
luminescence from molecules adsorbed on metal surfaces which is also highly interesting for
EL experiments. Furthermore, the PLL and TCSPC data from the betadiketonate complexes
[Eu(btfa)s(bpy)] and [Eu(tta)s(bpy)] was compared to [Eu(trensal)]. The difficulties in the
sample preparation of betadiketonate complexes and their fragility shifted me towards more
rigid platform complexes. Comparing the experimental results, [Eu(trensal)] indeed seems
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to be more stable with regard to intactness upon sublimation, however, the luminescence is
overall weaker.

The future aim could now be to focus on manufacturing Eu®* ions incorporated in a self-
decoupling platform scaffold. In the best case, a tripodal platform structure would lead to
most molecules standing on the substrate in the same manner. They would therefore have
the same orientation on the substrate which facilitates the identification with STM. Further-
more, molecules with the same orientation would also have dipole moments aligned in the
same direction. Having a defined dipole moment and self-decoupling molecules eliminates
the element of randomness in luminescence experiments. Thanks to the fruitful collabo-
ration with the group of Prof. Michael Seitz at the University of Tuebingen, the charge
transfer dynamics of several platform complexes could be investigated. Performing TCSPC
measurements on simple powder samples at different wavelengths already reveals the exci-
tation and relaxation mechanisms within the complexes and their timescales. This method
is a powerful tool for determining the suitability of complexes for luminescence experiments.
It immediately provides information on the overall luminescence intensity from the first and
second excited states of Eu?" and on the charge transfer between them.

The modification of luminescence from molecules adsorbed on metal surfaces is a well known
effect. Initially, we expected electron transport from the complex to the substrate to be re-
sponsible for the failing EL experiments. This assumption was based on previous findings
from the group on chromophores that require decoupling from the substrate by an insulating
layer for sufficient EL. However, growing molecular thin films on a metal substrate, which
was only possible after establishing a finely controllable sublimation process, allowed to in-
vestigate the energy transfer mechanism more thoroughly. The modification of the dipole
emission due to the presence of a metal surface was determined to be mainly responsible
for the reduction in luminescence into the far field. This fundamentally changed our under-
standing of the experimental properties. A comparison with the theoretical model for dipole
emission in proximity to metal surfaces suggests that luminescence may be reduced due to
the excitation of SPPs and gap plasmons that decay without radiating into the far field.
This assumption can be tested by using a structured substrate which then allows SPPs to
also radiate into the far field. Experiments on this matter are already in preparation.
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